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ABSTRACT 


Development  of  voluntary  control  on  processing  resources  in  concurrent 
task  performance  is  studied  within  a  training  paradigm  which  attenfJts  to 
identify  the  ccn^onents  of  time-sharing  skills.  Two  experiments  are 
described  in  which  subjects  were  trained  iinder  dual  task  conditions.  In 
the  first  es^eriment  three  groups  of  subjects  %»ere  trained  in  the  concurrent 
performance  of  pursuit  tracking  and  letter  typing.  One  group  practised 
under  5  different  levels  of  inter-task  priorities  with  augmented  on-line  feed¬ 
back  on  performance.  Another  group  received  feedback  augmentation  but 
practiced  only  under  equal  priorities  conditions.  A  third  group  was  allowed 
to  develop  its  spontaneous  strategy  with  no  feedback  augmentation  or 
priority  manipulation.  In  the  second  eaqjeriment  only  the  first  two  groups 
were  contrasted  in  the  joint  performance  of  letter  typing  and  digit 
classification. 

Experimental  results  demonstrated  that  training  under  variable 
priority  conditions  may  lead  to  in^roved  performance  capabilities  on 
several  aspects  of  the  time-shcuring  situation. 

First,  the  general  level  of  performance  achieved  by  subjects 
trained  under  vaurizdsle  priorities  was  better  than  the  levels  reached  by 
the  other  two  groups  at  the  end  of  training.  Secondly,  these  subjects 
were  better  able  to  protect  performance  »^en  task  difficulty  was  varied. 
Finally,  they  revealed  better  ability  to  generalize  their  acquired  skill 
to  other  time-sharing  conditions  that  included  a  new  task  conponent. 

These  results  eure  interpreted  to  indicate  that  human  operators  can 
actively  control  their  resource  allocation  but  appear  to  have  limited 
knowledge  or  skill  to  insure  the  efficiency  of  their  allocations.  In 
the  absence  of  relevant  information  spontaneous  strategies  may  lead  to 
s\ib-optimal  solutions.  Proper  instruction  may  enhance  the  efficiency  of 
voluntary  control. 
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VOLDNTARY  OCMTROL  ON  PROCESSING  RBSOORCBS 

Michael  Brickner,  Daniel  Gopher 
Technion  -  Israel  Institute  of  Technology 
Haifa,  Israel 


INTRODUCTION 

In  the  present  report  we  address  seme  basic  issues  related  to  the 
training  of  tine-sharing  s)iills.  More  specifically,  development  of  vol¬ 
untary  control  on  processing  resources  is  investigated  within  a  training 
paradigm.  It  is  argued  that  attention  control  is  a  trainable  skill  which 
in^roves  and  becomes  more  efficient  with  training.  Concepts  and  tools 
from  the  areas  of  skill  acquisition  and  attention  processes  are  combined 
to  study  the  nature  of  this  skill  and  the  proper  procedures  for  its  develop¬ 
ment. 

Attention  and  Skill 

Nhen  an  unpractioed  operator  attcmqpts  to  perform  two  or  more  complex 
tasks  concurrently,  performance  of  at  least  one  task  usually  suffers. 
Contemporary  theories  in  cognitive  psychology  view  information  processing 
and  response  capabilities  as  constrained  by  the  limits  of  attention.  Three 
main  theoretical  approaches  can  be  distinguished:  a)  structural  models: 
these  models  assume  that  performance  is  constrained  by  the  rate  of  process¬ 
ing  of  one  central  or  several  processing  mechanisms.  These  mechanisms 
create  a  "bottleneck"  for  any  highly  demanding  task  (Broadbent  1958; 

Treissuui  1969;  Welford  1968;  1978);  b)  capacity  siodelst  these  approaches 
postulate  the  existence  of  a  single  central  pool  of  processing  resources. 
Performance  is  argued  to  suffer  when  the  svpply  of  resources  does  not  meet 


the  sun  of  demands  of  the  concurrent  tasks  (Kahneman  1973;  Norman  and  Bobrow 
1975;  Posner  and  Bols  1971) ;  c)  finally^  integration  of  these  approaches 
is  proposed  by  the  multiple  resource  models:  these  most  recent  approaches 
claim  that  the  human  operator  possesses  a  ntanber  of  processing  mechanisms 
each  having  its  ovm  capacity  (Navon  and  Gopher  1979;  Nickens  1980).  Thus, 
the  effects  of  resource  scarcity  on  concurrent  performance  depend  on  the  extent 
to  which  the  tasks  involved  compete  for  common  resources. 

Both  everyday  experience  and  laboratory  research  indicate  that  per¬ 
formance  decrements  observed  in  concurrent  task  performance  may  gradually 
disappear  when  the  individual  is  given  more  practice  on  the  tasks,  even  if 
the  initial  impairment  is  severe  (e.g.,  Underwood  1974;  Ostry,  Moray  and 
Marks  1976;  Spelke,  Hirst  and  Neisser  1976;  Gopher  and  North  1977;  Logan 
1979) .  However,  none  of  the  above-mentioned  models  of  attention  has  sys¬ 
tematically  treated  the  effects  of  practice.  Nhat  happens  when  a  novice 
unpracticed  operator  becomes  skilled  or  well  trained?  How  does  learning 
affect  the  limited  capacity  mechanisms?  Investigators  of  attention  have 
generally  ignored  the  process  of  skill  development  when  attention  mecha¬ 
nisms  are  concerned,  and  usually  preferred  to  investigate  relatively  simple 
task  situations  which  do  not  require  an  extensive  amount  of  practice. 

Schneider  and  Shiffrin  (1977)  conplain  that  a  vast  majority  of  the  liter¬ 
ature  on  hisnan  performance,  and  arguments  about  human  capacity,  are  based 
on  the  results  of  poorly  practiced  and  relatively  unskilled  subjects. 

In  recent  years,  several  attempts  have  been^made  to  examine  sources 
of  performance  is^rovement  under  time-sharing  performance  combining  concepts 
from  theories  of  skill  acquisition  and  the  study  of  attention  processes. 

Gopher  (1980)  discusses  three  categories  of  factors  that  can  account  for 
improved  performance  with  practice  in  concurrent  task  situations: 


a)  Ihe  (Semand  for  resources  of  each  task  is  reduced. 

b)  Coordination  between  tasks  Is  enhanced. 

c)  Iiqproved  voluntary  control  on  resources  enables  increased  efficiency 

of  resource  utilisation. 

In  the  following  sections  these  factors  are  discussed  in  detail  and 
some  related  topics  are  elaborated  upon. 

Reduced  demand  for  resources 

With  sufficient  practice, .less  resources  are  recjuired  by  each  of  the 
tasks  in  the  concurrent  task  situation.  Thus,  the  total  amount  of  resources 
required  for  performance  is  reduced.  Some  authors  claim  that  with  pro¬ 
longed  and  consistent  training,  a  task  may  be  performed  automatically,  with 
minimal  demand  for  central  resources  (Posner  and  Snyder  1975;  Schneider 
and  Shiffrin  1977;  Shiffrin  1975;  Logan  1978,  1970).  Improved  efficiency 
in  the  performance  of  each  task  in  a  multiple  task  situation  may  undoubtedly 
reduce  the  overall  resource  demands  of  concurrent  task  performance.  However, 
several  sources  of  experimental  evidence  show  that  this  reduction  may  not  be 
the  sole  factor.  For  example,  some  tasks  are  harder  to  automatize  and 
improve  very  little  with  training  (see,  e.g.,  varied  mapping  -  Shiffrin 
and  Schneider  1977).  In  addition,  evidence  from  a  number  of  studies  indi¬ 
cates  the  existenceof  one  or  more  factors  which  are  relevant  only  to  the 
time-sharing  situation  as  a  whole,  such  as  coordination  (Logan  1979)  and 
interweaving  strategies  (Gopher  and  North  1977) . 

These  factors  were  usually  referred  to  as  "time-sharing  ability" 
or  "time-sharing  skills".  The  term  "ability”  is  usually  employed  to  imply 
a  fairly  consistent  and  enduring  performance  capability,  while  "skill" 
refers  to  a  more  tes^rary  capability  that  is  developed  with  practice. 

The  exact  distinction  between  these  two  terms  has  not  always  been  recog- 
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nized  in  the  ejqperlnental  literature.  In  the  present  work  we  shall  be 
primarily  concerned  with  the  acquisition  and  nature  of  time-sharing  skills. 

Is  there  a  general  tin»e-sharing  skill?  One  of  the  basic  issues  in 
the  effort  to  assess  the  nature  of  time-sharing  skills  is  whether  these 
skills  are  conanon  to  all  or  to  many  types  of  concurrent  task  situations , 
or  specific  and  task-dependent? 

In  one  of  the  earliest  studies  in  this  area,  Bahrick  and  Shelley 
(1958)  trained  their  subjects  in  the  performance  of  t%K>  different  choice 
reaction- time  tasks,  one  visual  and  one  auditory.  They  observed  that  at 
the  end  of  the  second  experimental  session,  subjects  reached  their  maximal 
performance  level  on  each  task  by  itself.  But,  improvement  on  both  tasks 
in  joint  performance  continued  for  several  additional  sessions.  Similar 
results  were  obtained  by  Kalsbeek  and  Sykes  (1967)  with  two  binary  choice 
reaction-time  tasks^and  by  Gopher  and  North  (1977)  in  the  concurrent  per¬ 
formance  of  tracking  and  digit  processing.  These  results  clearly  indicate 
that  performance  capability  of  dual  tasks  is  more  than  just  the  sum  of  ^ 
improved  performance  on  each  task  element  by  itself. 

Several  attempts  were  made  to  identify  the  common  denominator 
underlying  the  improved  time-sharing  performeuice  of  various  complex  task 
configurations  (e.g.,  Fleishman  1965;  Freedle,  Zavala  and  Fleishman  1968; 
Sverko  1977;  Damos  1977;  Jennings  *  Chills, 1977;  Hawkins,  Rodriguez  and 
Gerald,  1979;  Rieck,  Ogden  and  Anderson  1980).  Two  main  experimental 
paradigms  have  been  employed  in  these  atten^ts: 

a)  Correlational  approach,  in  which  correlations  between  performance 

sieasures  in  various  combinations  of  tasks  %Fere  compared  in  order  to 
determine  the  relative  contribution  of  task  specific  versus  more 
general  time-sharing  factors.  Sometimes  factor  analysis  techniques 
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were  used  in  an  attcn^t  to  identify  a  tine-sharing  factor,  oooanon 
to  several  different  dual  or  triple  task  configurations. 

b)  Training  and  transfer  studies  -  in  which  the  effects  of  practice  in 
one  tine-sharing  condition  og  the  performance  of  another  time¬ 
sharing  condition  were  studied  to  evaluate  the  amount  of  transfer 
due  to  Is^roved  "time-sharing  capedsilities". 

Correlational  studies:  Fleishman  (1965)  developed  em  experimental 
task  idiich  simulated  the  oohtrOl  of  role,  heading  and  velocity  of  an  air¬ 
craft.  Two  hundred  subjects  practiced  each  task  element  separately,  all 
dual  task  combinations  and  the  three  tasks  together.  Correlation  coeffi¬ 
cients  between  all  dual  task  performance  measures  were  higher  than  those 
obtained  between  each  dual  task  component  and  its  single  task  measure. 
Using  a  multiple  regression  equation,  Fleishman  found  that  dual  task 
scores  predicted  performance  on  the  triple  task  situation  better  than  any 
combination  of  the  three  single  task  scores.  These  results  were  inter¬ 
preted  to  Indicate  the  existence  of  a  general  time-sharing  skill.  It 
should  be  noted  that  all  task  combinations  compared  by  Fleishman  had  at 
least  one  task  in  common.  Hence,  contributions  of  the  "general  time¬ 
sharing"  factor  cannot  be  truly  sepeurated  from  task  specific  factors. 

•  Sverko  (1977)  had  his  subjects  practice  four  tasks:  pursuit  rotor 
tracking,  digit  processing,  mental  arithmetic  and  auditory  discrimination. 
Each  task  was  performed  singly  as  well  as  in  all  six  possible  dual-task 
combinations.  Factor  analysis  failed  to  reveal  any  general  time-sharing 
factor  in  dual  task  performance. 

Jennings  and  Chiles  (1977)  tested  39  subjects  in  six  tasks.  Each 


task  was  performed  separately  and  then  in  combination  with  two  other  tasks, 
thus  creating  t%io  cosiplex  triple  task  situations  composed  of  three  task 
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subsets.  Factor  analysis  of  the  perfoxinance  data  revealed  one  factor  that 
had  high  loading  on  two  different  monitoring  tasks  -  only  under  time¬ 
sharing  conditions.  Ihe  seune  two  tasks  had  no  signific^ult  common  factor 
when  performed  singly.  No  other  coomon,  time-sharing  factor  was  revealed. 

Hawkins,  Rodriguez  and  Gerald  (1979)  studied  the  performance  of 
subjects  in  eight  dual-task  conditions.  Three  aspects  of  tasks  were 
varied:  input  SK>dality  (auditory  or  visual) ,  output  modality  (manual  or 
vocal)  and  task  difficulty  (easy  or  difficult).  In  general,  higher 
correlations  were  obtained  between  conditions  that  had  eoaonon  task 
characteristics.  The  authors  conclude  that  time-sharing  performance  is 
largely  determined  by  several  task-specific  subcapacities  rather  than  by 
a  single,  general  capability  or  ability. 

Transfer  of  training  studies:  Freedle,  Zavala  and  Fleishman  (1968) 
studied  performfmce  in  a  triple  task  condition  employing  the  same  flight 
Simulation  apparatus  used  by  Fleiishman  (1965)  (see  previous  section) .  They 
found  that  the  triple  task  was  performed  better  after  initial  practice 
period  in  dual  task  combinations,  than  after  practicing  each  task  separate¬ 
ly.  In  a  subsequent  study,  Zavala  and  Geist  (1968)  failed  to  replicate 
these  results. 

Damos  (1977)  gave  65  subjects  practice  on  a  memory  task  and  a  digit 
classification  task.  Half  of  her  subjects  performed  each  task  separately 
while  the  other  half  performed  them  together.  On  the  following  day  all 
subjects  performed  two  tracking  tasks  simultaneously.  The  results  showed 
only  very  small  differences  in  favor  of  the  dual-task  group.  Statistical 
significance  was  achieved  only  after  the  results  of  26  subjects, who  did 
not  reach  satisfactory  performance  levels,  were  eliminated. 

Rleck,  Ogden  and  Anderson  (1980)  contrasted  the  effects  of  initial 
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single  or  dual  task  training  and  the  simileirity  of  tasks  on  the  subse¬ 
quent  performance  of  a  dual  task.  Subjects  in  the  single-task  group 
practiced  a  uni-dinensior.al  discrete  compensatory  tracking  task.  Subjects 
in  the  dual-task  group  performed  the  aaiae  task  simultaneously  with  a  digit 
Classification  task.  "Both  groups  K^ere  transferred  first  to  a  "similar" 
dual-task  situation,  consisting  of  a  discrete  tracking  and  a  delayed  recall 
of  digits,  and  then  to  a  "different"  dual-task  situation,  consisting  of  a 
continuous  tracking  task  euid  a  self-paced  choice  reaction-time  task.  The 
authors  report  that  the  initial  amount  of  dual-task  training  had  a  signi¬ 
ficant  effect  on  dual-task  performance  of  the  "similar"  task,  while  single 
task  training  had  only  negligible  effects  on  that  task.  Performance  of 
the  "different"  dual  transfer  task  did  not  differ  between  the  groups. 

The  outcomes  of  both  correlational  emd  transfer  of  training  studies 
lead  quite  clearly  to  similar  conclusions.  Studies  which  investigated 
correlations  or  tr^ulsfer  of  training  between  similar  or  identical  tasks 
yielded  strong  evidence  to  the  existence  of  a  time-sharing  factor,  over  and 
beyond  single  task  improvement  (Fleishman  1965;  Freedle,  Zavala  and 
Fleishman  1968;  Hawkins,  Rodriguez  and  Gerald' 1979;  Rieck,  Ogden  and 
Anderson  1980) .  In  contrast,  studies  which  attempted  to  reveal  corre¬ 
lations,  consnon  factors  or  transfer  of  training  between  different  types 
of  tasks,  produced  mostly  negative  or  non-conclusive  evidence  (Sverko  1977; 
Oamos  1977;  Jennings  and  Chiles  1977;  Reich,  Ogden  and  Anderson  1980). 

It  appears  justified  to  CUxnmarize  this  brief  reveiw  of  research  by 
saying  that  while  the  general  notion  of  the  existence  of  a  time-sharing 
factor  has  been  supported,  it  also  appears  that  its  generality  is  restric¬ 
ted  and  tiad  to  the  specific  tasks  Involved  in  the  time-sharing  situation. 
The  exact  nature  of  this  tie  which  simultemeously  allows  independence  and 
dependence  of  the  acquired  time-sharing  skill  from  its  task  composites  is 
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■till  to  be  detennined  In  future  investigation. 

Coordination  between  tasks;  laqoroved  coordination  between  tasks  in 
concurrent  performance  is  one  possible  interpretation  to  an  element  of 
time-sharing  skill  that  is  both  task  specific  and  can  only  be  developed 
with  practice  under  time-sharing  conditions.  One  view  on  the  nature  of 
coordination  is  that  it  constitutes  a  task  by  itself  euid  thus  consumes 
s\5>ervisory  and  control  resources  (Moray  1967;  liogan  1979),  With  practice, 
through  automotion  (Logan  1979;  Shiffrin  and  Schneider  1977)  or  established 
S-R  mapping  (Moray  1967) ,  the  cost  of  coordination  is  reduced  and  more 
resources  become  available  to  the  direct  performance  of  the  tasks.  Some 
authors  have  even  argued  that  with  prolonged  practice  coordination  may 
develop  into  integration,  in  which  the  former  separate  tasks  create  a  new 
whole.  This  new  whole  demands  less  resources  than  the  concatenation  of 
the  resource  demands  of  its  former  elements  (Neisser  1976) . 

Gopher  and  Nortli  (1977)  and  Navon  and  Gopher  (1979)  present  a  some¬ 
what  different  interpretation  of  the  coordination  process.  They  argue 
that  coordination  of  tasks  may  not  require  resources  by  itself.  However, 
poor  coordination  results  in  inefficient  utilization  of  processing  res¬ 
ources.  Coordination  improves  the  returns  of  resources  investment. 

Navon  and  Cipher  (1979)  interpret  task  coordination  within  the  frame¬ 
work  of  their  theory  of  multiple  resources.  According  to  this  conceptual 
framework,  the  human  processing  system  possesses  several  limited  capacity 
mechanisms,  and  tasks  may  only  partially  overlap  in  their  demand  for 
common  resources.  If  different  resources  can  partially  substitute  for 
one  another  (for  example  trading  visual  Intakes  and  memory  representations 
in  a  reading  task)  alternative  combinations  of  resources  may  be  employed 
for  the  performance  of  the  same  task.  When  different  tasks  are  performed 
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together,  resources  may  be  allocated  such  that  overlapping  demands  for 
the  same  resources  are  minimized.  If  such  a  strategy  is  successfully 
adopted,  concurrent  performance  of  tasks  will  not  suffer  from  resource 
scarcity. 

Voluntary  control  on  resource  allocation 

Another  way  in  which  performcince  under  time-sharing  conditions  may 
improve  with  practice  is  by  improving  the  volunteury  control  a  subject  has 
over  his  processing  resources.  Most  contemporary  theories  of  attention 
view  the  process  of  selective  attention  as  a  dynamic,  active  process 
influenced  by  motivation^ utility  considerations  and  voluntary  strategies 
(e.g.  Kahneman  1973;  Navon  and  Gopher  1979) . 

Gopher  (1980,  note  1)  identifies  three  major  questions  concerning  the 
voluntary  control  of  attention  resources: 

a)  What  is  the  extent  of  voluntary  control  on  resources? 

b)  Does  this  ability  develop  with  practice? 

c)  Is  the  hisnan  operator  an  optimal  allocator? 

These  questions  have  generally  been  overlooked  in  the  investigation  of 
attention  processes  and  completely  neglected  in  the  study  of  acquisition  of 
complex  performance  skills. 

Most  researchers  in  these  fields  have  assimied  good  voluntary  control 
on  resource  allocation.  Thus^it  is  uqplicitly  postulated  that  with  a 
sufficient  amount  of  practice  every  hxanan  operator  will  reach  an  optimal 
strategy  of  resource  allocation. 

In  the  following  section  this  assumption  is  examined  in  the  light  of 
e]q>eriment8  in  which  manipulation  of  resource  allocation  was  conducted. 
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Resource  allocation  between  tasks  in  dual-task  experiments 


Dual-task  studies  most  commonly  use  secondary  task  techniques.  Under 
this  paradigm  subjects  are  required  to  perform  two  tasks  such  that  the 
performance  of  one  task  (primary  task)  is  protected.  Secondary  task 
performeuice  is  allowed  to  improve  only  as  long  as  performance  on  the  primary 
task  is  not  affected. 


The  question  is  to  what  extent  can  subjects  comply  with  this  instruc¬ 
tion?  Some  authors  assumed  full  compliance,  and  did  not  even  find  it 
necesszury  to  report  the  level  of  performance  on  the  primary  task  (Michon 
1966;  see  also  Rolfe  1971,  pp.  144-145  for  a  review  of  other  research) . 
However,  a  large  number  of  studies  showed  that  the  addition  of  a  secondary 
task  caused  a  significant  decrement  in  primary  task  performance.  Ogden, 
)>vine  and  Eisner  (1979) ,  in  a  review  of  the  post-1965  literature  on  the 
measurement  of  workload  by  the  secondary  task  technique,  reported  a  decrease 
in  performance  of  the  primary  task,  in  about  one-third  of  the  146  articles 
reviewed.  Such  a  decrease  occurred  when  the  secondary  task  was  introduced, 
when  the  difficulty  levels  of  either  task  were  memipulated,  or  both. 

For  exanple,  Wickens  (1979)  had  his  subjects  perform  two  identical 
one-dimensional,  compensatory  tracking  tasks.  One  was  defined  as  primary 
and  the  other  as  secondary  ,  Subjects  were  instructed  to  maintain  a 

constant  level  of  performance  on  the  primary  task.  When  the  difficulty 
of  this  task  was  increased,  performance  on  both  primary  and 
secondary  tasks  deteriorated.  In  a  second  experiment  an  easier  version  of 
the  primary  tracking  task  was  used.  In  this  case  subjects  were  able ,  after 
four  days  of  practice,  to  protect  primary  task  performance  and  maintain  a 
constant  performance  level  despite  the  difficulty  manipulation  of  this  task. 
However,  protection  was  not  achieved  at  the  cost  of  secondary  task  perform- 


ance,  «rtvich  renalned  constant.  Addition  of  on-line  feedback  on  performance 


did  not  alter  these  results.  Thus,  it  appeeurs  that  the  problem  did  not 
stem  from  difficulties  in  the  identification  of  task  desiands  but  from 
subjects'  inability  to  shift  their  resources  from  the  secondary  task  to 
is^rove  performance  on  the  primary  tracking  task. 

A  more  direct  assessment  of  voluntary  control  on  resource  allocation 
has  been  conducted  in  several  experiments  in  which  the  priorities  of  tasks 
were  varied  under  dual  task  conditions.  Woodhead  (1966)  observed  an 
asymmetric  effect  of  task  aniphasis  manipulation  on  the  joint  perform2mce  of 
a  difficult  memory  task  and  an  easy  search  task.  Performance  on  the  memory 
task  inproved  when  it  received  higher  priority  levels  (m2uiipulated  by  verbal 
instructions) ,  while  performance  on  the  search  task  was  indifferent  to 
priority  levels.  Because  difficulty  and  type  of  task  were  confounded  in 
this  ejperiment,  the  causes  of  this  asymmetry  cannot  be  determined. 

Johnson,  Griffith  and  Wastaff  (1972)  manipulated  priorities  by  changing 
momentary  payoffs.  They  found  that  performance  levels  on  a  memory  task  and 
a  reaction  time  task  were  altered  as  a  function  of  their  relative  payoffs. 

Sperling  and  Melchner  (1978a,  1978b)  used  a  visxial  search  task,  in 
which  digit  had  to  be  identified  within  letter  arrays.  They  instructed 
their  subjects  to  search  for  two  targets,  each  embedded  in  one  or  two 
different  arrays  presented  simultaneously,  one  at  the  center  part  of  the 
display,  the  other  in  a  square  surrounding  it.  Subjects  were  required  to 
identify  and  report  the  location  of  targets.  They  were  instructed  to  divide 
their  attention  in  various  proportions  between  the  two  arrays.  It  was 
found  that  the  higher  the  priority  of  an  array,  the  better  the  detection 
of  numerals  in  this  array  and  vice  versa. 
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One  of  the  major  problenui  in  the  evaluation  of  resource  allocation 
on  performance  la  that  eigperimentera  have  no  direct  control  over  the  way 
subjects  allocate  their  rr sources,  n^ey  can  try  to  influence  resource 
allocation  by  telling  subjects  how  to  do  it.  Khen  this  is  done  by  verbal 
instructions,  as  in  the  above-described  studies,  the  experimenter  assumes 
that  the  subjects  are  both  sensitive  enough  to  detect  deviations  from 
optimal  behavior,  and  have  good  control  on  their  processing  devices  to 
carry  out  the  desired  chzmges.  Ihus,  when  behavior  is  not  optimal,  it  is 
impossible  to  determine  whether  deviation  from  optimality  results  from  a 
lack  of  sebsitivity,  insufficient  control  on  processing  resources,  or  both. 

A  more  advanced  technique  to  manipulate  tzisk  priorities  under  dual¬ 
task  conditions  was  developed  by  Gopher  and  North  (1974) .  The  technique  is 
based  on  an  on-line  dynamic  display  of  the  differences  between  actual  and 
desired  performance  in  each  of  two  concurrently  performed  tasks.  Desired 
performance  is  determined  relative  to  subject’s  maximal  level  of  perform¬ 
ance  obtained  in  an  early  adaptive  training  period.  In  one  study  of  the 
concurrent  performance  of  a  one-dimensional  tracking  task  and  a  choice 
reaction  time  task.  Gopher  and  North  (1974)  en^loyed  two  short  static 
horisontal  lines  displayed  on  both  sides  of  a  CRT  screen  to  represent  the 
desired  level  of  performemce  on  each  task.  In  addition,  continuously, 
vertically  moving  bargraphs  represented  momentary  differences  between 
actual  and  desired  performance  on  those  tasks.  Changing  the  location  of 
the  desired  performance  lines  (which  corresponded  to  a  required  level  of 
performance  on  that  task)  enabled  the  experimenter  to  alter  the  relative 
priorities  of  the  tasks.  The  use  of  such  a  technique  reduces  the  problem  of 
lack  of  sensitivity  of  a  subject  to  deviations  from  optimal  performance  and 
is  therefore  very  useful  in  the  investigation  of  voluntary  resource  allo¬ 
cation.  This  experimental  technique  was  since  applied  in  several  studies 
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of  coaplex  task  performance.  In  all  studies  significant  effects  of  priority 
on  performance  were  obtained  for  a  variety  of  e]q>erijBental  tasks  (Gopher 
and  North  1974;  Gopher  and  Navon  1980;  Gopher  and  North  1977;  Nickens  and 
Gopher  1977;  Gopher,  Brickner  and  Navon,  in  press).  These  findings  indicate 
that  the  experimenters  liave  succeeded  to  Influence  the  allocation  policy  of 
their  subjects. 

A  close  examination  of  the  effects  of  priority  manipulation  on 
concurrent  performance  reveals  sae;e  interesting  results.  For  example. 

North  (1977)  found  that  the  overall  joint  performance  of  two  compensatory 
tracking  tasks  was  aiost  efficient  when  both  tasks  were  performed  with  equal 
priorities.  Any  deviation  from  the  equal  priority  condition  resulted  in 
a  big  drop  in  combined  scores  of  performance  efficiency.  When  tracking  was 
performed  with  a  digit  classification  task  he  found  that  digit  classification 
was  sensitive  only  to  changes  in  its  own  perfonumce  demands  and  indifferent 
to  changes  of  denuuids  on  the  tracking  task. 

Gopher  and  Navon  (1980)  conducted  a  series  of  three  experiments  in 
which  each  of  the  dimensions  (vertical  and  horizontal)  in  a  dual  axis 
pursuit  tracking  task  was  treated  as  a  separate  task.  For  each  axis  of 
tracking,  priorities  and  difficulty  levels  were  manipulated.  In  the  first 
experiment,  in  idiich  task  difficulty  was  manipulated  by  varying  the  fre¬ 
quency  of  target  movement,  priority  manipulation  had  a  large  effect  on 
performeuice.  However,  these  effects  were  negatively  accelerated  and  com¬ 
bined  performance  was  siost  efficient  in  the  condition  of  equal  priorities.  Sub¬ 
jects  reduced  their  performance  level  on  a  task  when  its  priority  was 
lowered  but  performance  on  the  other  task,  on  «ihlch  priority  levels  were 
simultaneously  increased,  was  not  enhanced  beyond  the  level  that  was 
achieved  under  the  equal  priority  conditions.  The  same  pattern  of  results 
repeated  in  the  second  experiment,  when  task  difficulty  was  manipulated  by 
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varying  the  velocity  of  target  laovenents.  In  the  third  experiment,  task 
difficulty  was  increased  by  manipulating  control  dynamics.  In  this  case 
lowering  priority  on  one  task  led  to  improved  performance  on  the  other 
high  priority  task.  But,  the  overall  effects  of  priorities  in  this  expe- 

a 

riment  were  small  as  compared  with  the  magnitude  of  their  affect  in  the  first 
two  experiments. 

Several  interpretations  can  be  offered  to  account  for  these  findings: 

a)  Decrease  in  marginal  efficiency  of  resources:  When  a  task  becomes 
more  difficult  the  mzirginal  efficiency  of  resource  investment  in  it 
is  decreased  (Navon  and  Gopher  1979) .  This  meems  that  the  investment  of 
a  unit  resources  will  yield  larger  improvement  in  an  easy  than  in  a  diffi¬ 
cult  task.  At  the  point  where  the  marginal  efficiency  of  resources  app¬ 
roaches  zero^  a  task  will  benefit  very  little  from  resources  released  due 
to  reduced  performance  on  a  concurrently  performed  task.  The  task  is 
approaching  its  data  limitation  (ceiling  effect)  (Norman  and  Bobrow 
1975,  1976). 

Effects  of  Increased  priorities  can  be  analyzed  in  a  similar  way. 

When  priorities  on  one  task  are  increased  the  subject  is  expected  to 
invest  more  resources  to  improve  performance.  However,  the  returns  of 
this  investment  diminish  rapidly  when  performance  approaches  its  scale 
limit.  Thus,  when  performance-resource  functions  are  negatively  accele¬ 
rated,  decrement  in  performauice  on  the  task  on  which  priorities  vrere 
decreased  are  eiqpected  to  be  larger  than  the  improvement  on  the  task  on 
%>hlch  priorities  were  increased,  leading  to  a  deterioration  in  the  com¬ 
bined  performance  acores. 

In  the  study  of  Gopher  and  Navon  (1980) ,  the  reduced  marginal 
efficiency  of  resource  investment  in  a  high  priority  tracking  task  was 
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clearly  denonstrated.  In  the  first  of  the  three  experiments  it  seems  as 

if  performance  was  data  limited.  Namely,  performance  on  each  task  in^roved 

very  little  beyond  the  level  of  eqiial  priorities.  However,  further  analysis 

and  manipulation  of  task  difficulty  Indicated  that  these  findings  were  not 

< 

the  result  of  a  data  limitation.  Data  limitation  should  be  more  apparent 
on  an  easy  than  on  a  difficult  task.  Such  a  differential  effect  was  not 
found  by  G<^her  and  Navon. 

b)  Interference  due  to  the  requirement  to  divide  resources  in  unequal 

shares;  When  different  tasks  are  concurrently  performed  without  specific 
instructions  regarding  the  relative  priorities  of  tasks,  subjects  are 
likely  to  balance  their  investments  on  the  two  tasks  or  follow  some 

spontaneous  performance  strategy.  Instructions  to  allocate  resources  in 
different  proportions  may  constitute  a  task  by  itself  and  consume  resources 
(Logan  1979;  Moray  1967).  Hence,  it  may  compete  with  the  resource  demands 

of  the  concurrently  performed  tasks  and  lead  to  performance  decrements 
in  every  deviation  from  natural  or  spontaneous  strategies.  Gopher, 

Brickner  and  Navon  (in  press)  investigated  the  concurrent  performance  of 
tracking  and  a  letter  typing  task  with  manipulation  of  priorities  and  real¬ 
time  feedback  indicators.  They  report  that  subjects’  ability  to  comply 
with  changes  of  task  priorities  improved  considerably  with  practice.  This 
evidence  supports  the  argument  that  the  ability  to  reallocate  resources 
can  indeed  constitute  a  skill  by  itself. 

c)  Single  capacity  or  several  resources;  Performance  tradeoffs  between 
tasks  as  a  result  of  priority  manipulation  would  only  be  revealed  in  tasks 
which  coiig>ete  for  a  oomnon  pool  of  resources.  If  tasks  can  draw  on 
aaparate  resoiirces  as  proposed  by  the  smltiple  resource  approaches  (Navon 
and  Gopher  1979;  Wickens  1980) ,  one  task  cannot  benefit  from  resources 


released  by  the  other  task. 


Gopher  end  Navon  (1980)  concluded  that  the  vertical  and  horizontal 
tracking  tasks  esployed  In  their  first  two  experiments  did  not  compete  or 
competed  very  little  with  each  other  for  common  processing  resources.  In 
the  third  tracking  experiment  %rtiere  difficulty  was  manipulated  by  varying 
control  dynamics,  such  competition  was  revealed  and  attributed  to  sharing 
of  a  common  motor-related  resource.  Tbelr  conclusion  was  further  strength¬ 
ened  by  a  subsequent  finding  that  when  the  tracking  tasks  of  their  first 
experiment  were  performed  simultaneously  with  a  digit  classification  task, 
digit  performamce  and  tracking  accuracy  %)ere  similarly  affected  when  the 
digit  task  was  paired  with  a  single  axis  or  a  dual  axis  tracking  task 
(Navon,  Gopher  and  Chlllag  1980) . 

Neither  a  marginal  efficiency  interpretation  or  a  multiple  resource 
approach  can  account  for  the  findings  of  Wickens’  (1979)  experiment  dis¬ 
cussed  earlier.  To  recall,  Wickens  had  his  subjects  perform  two  identical 
horizontal  compensatory  tracking  tasks,  one  defined  as  primary,  the  other 
as  secondary.  When  the  average  difficulty  of  the  primary  task  was  high, 
subjects  were  not  able  to  protect  its  performance  when  difficulty  was 
manipulated.  If  an  easier  primary  task  was  employed,  subjects  succeeded 
in  maintaining  a  constant  level  of  performance  after  sufficient  practice. 
Protection  was  not  achieved  at  the  cost  of  reducing  secondary  task  per¬ 
formance.  Thus,  it  appears  that  there  was  no  resource  tradeoff  between 
the  two  tasks,  in  spite  of  their  identity,  which  excludes  the  argument  that 
separate  resources  have  been  used.  It  is  also  clear  that  the  tasks  were 
not  data  limited  because  performance  of  both  improved  monotonically  with 
practice  in  the  dual-task  situation. 

One  possible  interpretation  to  the  independence  of  performance  on 
the  two  tasks  is  subjects'  inability  to  identify  deviations  of  actual  from 
required  performance.  A  second  possibility  is  a  control  problem. 
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i.e. ,  Inability  of  aubjacts  to  Bobilize  resources  from  one  task  to  the 
other  to  Beet  perforaance  deaands.  Mickens  (1979)  fotind  that  the  use  of 
on-line  feedback  indicators  which  should  eliminate  Bost  difficulties  of 

I 

identifying  deviations  from  optimality  did  not  alter  the  pattern  of 
results.  Therefore,  ■  insufficient  control  over  processing 

resources  aj^ars  to  be  a  more  plausible  interpretation  of  his  results. 

It  is  with  this  possibility  that  the  present  work  is  primarily 
concerned. 

d)  The  extent  of  voluntary  control  on  processing  resources;  Most 
theories  of  attention  and  skill  acquisition  seem  to  assume  (at  least 
implicitly)  that  the  hisnan  operator  has  good  control  over  his  processing 
resources.  Sufficient  practice  time  and  consistency  of  training  condi¬ 
tions  were  most  frequently  assumed  to  be  the  only  necessary  requirements 
for  the  development  of  efficient  resoxjrce  allocation  in  the  performance 
of  complex  tasks(e.g.see  Hirst  et  al  1980;  Schiffrin  and  Schneider  1977). 

In  the  previous  section  we  have  already  shown  that  this  assumption  may  not 
be  justified  and  that  in  m^my  cases  performance  deviates  significantly 
from  c^timality.  Such  deviations  are  most  salient  when  unbalanced  priori¬ 
ties  are  assigned  to  concurrently  performed  tasks  (North  1977;  Gopher  and 
Mavon  1980;  Mavon,  Gopher  and  Chillag  1980).  Some  explanations  to  the 
data  observed  under  these  conditions  were  already  discussed  in  the  previous 
section.  However,  these  interpretations  c2mnot  account  for  all  findings 
(a.g. ,  Wickens  1979).  An  additional  factor  that  cannot  be  ignored  is  the 
extent  of  voluntary  control  on  processing  resources. 

Zf  it  is  accepted  that  attention  control  is  a  complex  skill 
acquired  with  training,  there  is  no  reason  to  assume  that  prolonged 
practice  time  is  the  only  requirement  to  assure  most  efficient  acquisition 
of  this  skill.  It  has  long  been  recognized  that  different  schedules  of 
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learning  and  training  etrategles  nay  affect  the  acquisition  process  or 
final  levels  of  psychomotor  or  verbal  skills  (e.g. ,  part-whole  training, 
Adams  and  Hufford  (1962);  use  of  feedback  and  knowledge  of  results, 

Holdings  (1965)}.  In  an  analogous  way  it  seems  justified  to  look  for  the 
■ost  proper  way  to  develop  and  teach  the  skill  of  attention  control 
(Gopher  1980,  note  1) . 

When  two  tasks  are  performed  simult2uneously  with  fixed  priority 
levels  it  may  not  be  too  difficult  to  develop  an  effective  strategy  of 
performance  and  resource  allocation.  If,  however,  various  priority  com¬ 
binations  are  required,  the  operator  needs  to  acquire  some  internal  rep¬ 
resentation  or  "internal  model"  of  his  processing  system  to  determine  the 
functional  relationship  between  resource  investment  and  performance. 

An  "internal  model"  of  resource  allocation 

The  internal  model  concept  has  been  used  as  a  major  hypothetical 
construct  to  describe  the  interaction  of  human  operators  with  complex 
systems.  This  concept  signifies  a  number  of  engineering  modelling  app¬ 
roaches  which  are  mainly  based  on  control  theory  formulations.  For 
exan^le,  the  quasi  linear  models  of  Veldhuyzen  and  Stassen  (1976) ,  or 
Pew  (1974) . 

Veldhuyzen  and  Stassen  (1976)  define  the  internal  model  as  the 
"internal  presentation  of  the  )cnowledge  the  human  operator  has"  (p.  158) . 
Diey  discuss  the  usefulness  of  the  internal  model  concept  in  the  des¬ 
cription  of  humatn  control  of  engineering  systems  and  conclude  that  "the 
study  of  the  meaning  of  the  internal  model  concept  is  of  great  importance 
in  understanding  human  performance  because  the  monitoring  decision¬ 
making,  predicting  or  extrapolating  and  planning  activities  of  human  beings 
are  all  based  on  an  internal  model"  (p.  159) . 
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In  the  present  context,  an  internal  nodel  of  processing  resources 
should  be  examined  in  light  of  two  basic  questions.  One  is  the  process 
by  which  it  develops  under  different  conditions  of  interaction, 
toother  is  the  way  in  which  such  a  oiodel  may  affect  performance  in  a 

4 

particular  tijae-sharing  condition.  Both  questions  are  relevemt  to  the 
study  of  attention  control. 

In  the  following  section,  a  preliminary  description  of  a  possible 
internal  model  of  resource  efficiency  in  concurrent  performance  is  presen¬ 
ted.  This  scheme  dram  on  concepts  proposed  by  Navon  and  Gopher  (1979) . 
To  better  coBq>rehend  the  model,  some  basic  concepts  from  Navon  and  Gopher 
(1979)  article  are  briefly  reviewed. 

In  their  analysis  of  the  economy  of  the  human  processing  system,  these 
authors  suggest  that  at  any  moment  the  h\iman  system  can  be  conceived  to 
possess  a  finite  amount  of  processing  resources.  For  an  individual  at  a 
certain  moment  a  task  can  be  characterized  by  several  parameters,  e.g., 
stimulus-response  compatability ,  signal-to-noise  ratio,  availability  of 
relevant  memory  codes,  etc.  These  characteristics  are  jointly  termed 
subject- task  parameters.  If  subject-task  parameters  are  held  constant, 
perfonutoce  can  be  described  as  a  function  of  the  amount  of  resources 
invested  in  it  and  their  efficiency.  Such  a  function  was  labelled 
performance-resource  function  (PRF) .  For  a  given  configuration  of 
subject-task  parameters,  the  amount  of  resources  required  to  achieve  a 
certain  level  of  perfonaance  may  be  derived  from  the  PRF  and  this  quantity 
was  termed  demand  for  resources.  The  system  is  assumed  to  supply  resources 
to  meet  demand  to  the  extent  that  they  are  available. 

When  two  tasks  are  performed  simultaneously  their  joint  performance 
would  be  a  function  of  the  resources  allotted  to  each  of  them.  For  a 
given  configuration  of  subject-task  parameters,  some  levels  of  joint 
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performimce  are  feasible  and  some  cannot  be  achieved.  The  set  of  all 
performance  ccmbinations  that  can  be  produced  when  the  system  operates 
at  its  full  capacity  can  be  represented  as  a  curve  previously  termed  by 
Norman  and  Bobrow  (1975)  Performance  Operating  Characteristics  (POC) .  A 
POC  traces  the  bounds  of  joint  performance  with  full  capacity,  all  perform¬ 
ance  combinations  that  are  on  the  POC  or  on  the  area  enclosed  by  it,  are 
feasible  dual-task  combinations.  The  effects  of  difficulty  on  dual-task 
situations  C2m  be  described  by  constructing  a  family  of  POCs ,  in  which 
each  POC  represents  one  level  of  task  difficulty  (Navon  and  Gopher  1980; 
Gopher  and  Navon  1980).  Different  types  imd  shapes  of  POC  families  are 
discussed  in  detail  by  Navon  and  Gopher  (1979,  1980) . 

In  a  typical  dual-task  experiment,  subject  task  parameters  are  held 
constant,  at  least  within  trial^and  certain  performance  demands  are  set 
either  by  verbal  instructions,  payoff  matrix  or  real  time  graphic  display, 
as  described  earlier.  To  m^ucimize  the  returns  of  their  resource  invest¬ 
ment  subjects  are  required: 

a)  To  detect  deviations  from  optimal  behavior 

b)  To  be  able  to  reallocate  and  mobilize  resources  to  regain  optimality 

(Gopher  1980,  note  1). 

Accon^ilishinent  of  these  tasks  requires  the  development  of  a  good 
internal  representation  of  the  performance-resource  function  (PRF)  of  each 
task  and  the  resulting  POCs.  Development  of  such  representation  may  be  a 
sufficient  condition  to  detect  deviations  from  optimal  allocation,  but 
mobilization  and  reallocation  of  resources  may  require  additional  skills 
not  directly  related  to  this  model.  Figure  1  depicts  a  hypothetical 
performance  resource  model  for  task  X  and  task  Y. 


In  the  tapper  right  section  the  POC  for  the  performance  of  two  tasks 
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(Px,  Py)  is  plotted.  The  upper  left  and  lc3wer  right  sections  depict  the 
performance-resource  functions  for  each  of  the  two  tasks.  The  allocation 

Insert  Figure  1  about  here 

policy  line  in  the  lower .left  section  describes  the  variation  in  the 
amount  of  resources  allocated  to  each  t2isk.  Points  a,  b  and  c  on  this 
line  describe  the  results  of  different  allocation  policies  on  the  per¬ 
formance  of  each  task  and  joint  performance. 

When  a  subject  is  instructed  to  jointly  perform  tasks  x  and  y  at  a 
certain  priority  level/  he  is  actually  expected  to  internally  conceptualize 
both  PRFx  and  PRFy  (or  similaur  representations)  and  divide  resources  such 
as  to  maximize  joint  performance,  considering  marginal  efficiency  and 
overlap  of  tasks  in  the  demand  for  resources.  Note  for  example^that 
PRFx  in  Figure  1  is  almost  linear,  while  PRFy  is  negatively  accelerated. 

Thus ,  increasing  the  resource  share  of  task  x  would  yield  the  same  amount  of 
performance  improvement  across  the  whole  range  of  task  x  performance,  while 
the  marginal  efficiency  of  resource  investment  in  y  diminishes  rapidly  to 
the  left  of  point  b.  If  an  operator  selects  to  allocate  the  resource  at 
the  proportion  marked  by  point  c,  he  could  achieve  only  little  improvemenr 
in  the  performance  of  y  at  a  cost  of  a  large  decrement  in  performace  on 
task  X. 

It  is  evident  that  the  internal  model  should  change  when  different 
difficulty  manipulations  are  applied  or  different  pairs  of  tasks  are 
<  combined.  Possible  variations  in  internal  models  are  already  large,  even 
tdien  a  single  capacity  model  is  considered,  kith  a  multiple  resource 
approach,  the  situation  is  further  complicated.  Recruitment  of  resources 
to  meet  a  performance  criterion  may  consist  of  combinations  in  various 
amounts  of  different  processing  resources,  which  may  partially  substitute 
for  each  other  (Navon  and  Gopher  1979) . 


RESOWUCE  SHARE  X 


Pig.  1:  A  schematic  representation  of  the  relationship 
betveen  the  performance  resource  functions  (PRF) 
of  tasks  X  and  y  and  their  joint  performance  charac- 
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nie  experiaental  work  reviewed  earlier  demonstrated  that  manipulation 
of  task  priorities  usually  has  a  significant  effect  on  concurrent  task 
performance.  Boweveri  operators'  ability  to  detect  deviations  from  optimal 
behavior  and  the  extent'  of  voluntary  control  on  resources  were  not  inves¬ 
tigated  systematically.  Furthermore,  the  development  of  these  capabilities 
with  training  was  not  assessed. 

In  a  study  of  failure  detection  in  dynamic  systems,  Kessel  and  Wickens 
(1978)  and  Wickens  and  Kessel  (1979,  1980,  1981)  showed  that  different 
methods  of  practice  result  in  the  development  of  different  internal  models 
which  in  turn  were  reflected  in  operator  performance.  In  an  analogous 
way,  different  practice  strategies  may  have  different  impacts  on  the 
internal  model  of  resources  and  the  ability  to  iise  them  under  time-sharing 
conditions. 

The  main  argument  of  ihe  present  study  is  that  dual-task  practice 
with  varying  priorities  may  lead  to  the  development  of  different  internal 
Biodels  compared  with  practice  under  fixed  levels  of  priorities.  These  dif¬ 
ferences  are  predicted  to  affect  the  efficiency  of  time-sharing  performance. 

Experimental  overview  and  predictions 

Two  experiments  were  conducted  to  compare  spontaneous  and  instruc¬ 
ted  acquisition  of  attention  control  under  time-sharing  conditions. 

Acquisition  processes  and  transfer  of  training  were  investigated  in 
both  experiments.  Three  groups  of  subjects  in  the  first  experiment  and 
two  in  the  second  experiment  were  trained  in  the  performance  of  two  tasks,  first 
separately  (session  I)  and  then  together.  In  the  first  experiment,  one 
group  was  tred.ned  in  the  performance  of  two  tasks  under  different  combin¬ 
ations  of  task  priorities  (variable  priorities  group  -  VP).  Ibis  group  was 
presented  with  •sal  time  feedback  on  performance  and  display  of  demand 
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levels.  A  second  group  of  subjects  practiced  the  concurrent  performance 
of  the  same  p£dr  of  tasks  without  this  display  or  feedback  bargraphs  and 
with  no  real-time  nwmipulation  of  task  priorities  (No  bargraphs  group  - 
NB) .  A  third  group  practiced  with  feedback  bargraphs  only  under  equal 
priority  conditions,  with  no  changes  in  task  emphasis  (Equal  Priority 
grov;^  -  EP) .  In  the  second  experiment  only  two  experimental  groups  VP 
apd  EP  were  contrasted. 

In  both  experiments,  subjects  were  tremsf erred  to  a  new  condition  in 
which  priority  instructions  and  feedback  displays  were  eliminated,  several 
joint  perform^mce  combinations  of  task  difficulty  were  presented  emd 
subjects  were  instructed  to  maintain  constant  levels  of  performance.  In 
addition,  subjects  in  both  experiments  were  transferred  to  a  dual  task 
situation  in  which  one  of  the  tasks  was  new. 

Selection  of  Experimental  Tasks 

Selection  of  proper  task  combinations  is  crucial  in  the  study  of  the 
effects  of  different  training  strategies  on  the  voluntary  control  of 
resources.  £;]q>erimental  tasks  have  to  meet  two  main  requirements; 

a)  Tasks  should  compete  for  a  common  resource,  otherwise  there  is  no 
point  in  investigating  resource  allocation  strategy  (Gopher  and 
Navon  1980) . 

b)  Tasks  should  be  difficult  enough  to  assure  scarcity  of  available 
resources,  but  not  too  difficult  to  avoid  restriction  of  range  due  to 
data  limitation  (Norman  and  Bobrow  1975). 

Several  proponents  of  stages  in  information  processing  have  argued 
that  the  stage  of  response  selection  is  the  most  limiting  and  resource¬ 
consuming  in  the  processing  chain  (Trunibo  and  Noble  1970;  Deutch  and  Deutch 


1963;  Kerr  1973;  Welford  1968,  1978;  Shiffrin  emd  Schneider  1977;  Duncan 


1980).  In  order  to  ensure  conpetition  for  common  resources,  two  tas](s  that 
seem  to  draw  heavily  on  response  selection  were  selected  for  the  first 
e]q>eriment.  One  task  was  a  dual  axis  pursuit  tracking  tuk,  the  difficul¬ 
ty  of  «ihich  was  varied  by  manipulating  the  second  order  acceleration  com¬ 
ponents  of  the  controlled  element  dynamics.  Gopher  and  Navon  (1960) 
showed  that  tracking  tasks  are  primarily  loaded  on  the  response  side.  A 
second  task  selected  was  a  code  entry  letter 

typing  task.  In  the  second  ej^riment  the  same  letter  typing  task  was 
performed  together  with  a  digit  classification  task. 

Pilot  Study 

A  pilot  study  was  conducted  to  evaluate  the  experimental  tasks,  the 
selection  of  difficulty  parameters  and  general  experimental  procedure 
(Gopher,  Brickner  and  Navon,  in  press).  Six  subjects  performed  the  track¬ 
ing  and  letter  typing  tasks  in  single  and  dual  task  conditions  with  two 
types  of  letter  typing  difficulty  manipulations  and  three  levels  of  inter¬ 
task  priorities. 

The  following  is  a  summary  of  those  results  pertinent  to  the  current 
experiments : 

a)  Significant  interference  between  tracking  accuracy  and  letter  typing 
performance  was  found  in  all  dual  task  combinations  with  all  diffi¬ 
culty  manipulations  and  priority  cheuiges.  These  findings  indica¬ 
te  I  the  existence  of  competition  for  a  common  resource. 

b)  Both  tasks  were  highly  sensitive  to  manipulation  of  task  priorities. 

c)  Difficulty  and  priorities  interacted  in  their  effects  on  joint  per¬ 
formance,  thus  showing  that  the  selected  manipulation  of  letter 


typing  difficulty  taps  a  resource  shared  by  both  tasks. 


d)  The  addition  of  feedback  indicators  and  moving  bargraphs  did  not 
interfere  with  performance  on  the  experimental  tasks.  After  a 
brief  initial  period  of  training,  there  was  no  significant  difference 
between  performance  of  the  tasks  with  and  without  feedback  indicators 
at  equal  priority  levels. 

These  results  satisfy  the  initial  requirements  for  selection  of  tasks 
for  the  present  study. 

Research  hypotheses 

Effects  of  differential  training  strategies  on  the  ability  to  control 
resource  allocation  in  concurrent  performance  have  not  been  studied  before. 
Thus,  it  is  difficult  to  generate  predictions  or  specific  hypotheses.  We 
end  this  introduction  section  by  listing  several  research  questions  rather 
than  proposing  formal  hypotheses; 

1)  Effects  of  practice  with  priority  changes  on  dual-task  performance: 

What  would  be  the  effects  of  differential  practice  methods  on  the  perform¬ 
ance  levels  of  each  of  jointly  performed  tasks?  Based  on  previous  arguments 
on  the  development  of  automaticity  with  training  (Schneider  emd  Shiffrin 
1977;  Shiffrin  and  Schneider  1977;  Logan  1979),  it  is  expected  that  the 
equal  priority  group  (EP)  imd  the  no  bargraphs  group  (NB)  will  do  better 
than  the  variable  priority  group  (VP)  with  extended  practice,  because 
consistent  training  conditions  (no  change  of  priorities)  may  enhance  the 
development  of  automaticity.  It  is  also  possible  that  prolonged  consistent 
training  will  yield  some  degree  of  integration  between  tasks,  thus  reducing 
their  joint  resource  demands  (Neisser  1976). 

The  differences  between  the  EP  and  NB  groups  depend  on  the  contri¬ 
bution  of  real  time  feedback  to  the  specific  task  involved.  When  the  tas)c 
Itself  lacks  clear  feedback  cues  on  the  quality  of  performance,  the  EP 


o 


-  26  - 


group  is  axpected  to  perfora  better. 


2)  Transfer  to  a  changing  difficulty  condition  with  fixed,  performance 
levels;  The  VP  group  is  hypothesized  to  be  better  than  the  EP  and  NB 
groins  on  these  conditions  which  demand  flexibility  in  resource  allocation 
in  order  to  maintain  constant  levels  of  performance.  The  VP  group  is 
given  the  opportunity  to  develop  a  more  comprehensive  and  more  sensitive 
internal  model  that  would  enable  it  to  mobilize  resources  to  protect 
performance.  Along  the  same  line  of  arguments,  development  of  autranati- 
zation  or  integration  in  the  EP  amd  NB  groups  may  impair  their  ability  to 
react  flexibly. 

3)  Generalization  to  a  new  task  configuration;  What  portion  of  the  skill 
is  generalizable  when  a  new  task  configuration  is  introduced?  It  is 
clear  that  a  new  configuration  requires  estad^lishment  of  a  new  internal 
Biodel.  It  is  unclear  how  much  of  the  old  attention  skills  can  be  trans¬ 
ferred  to  the  new  situation.  We  can  only  speculate  that  if  the  VP  group 
acquired  appreciation  and  knowledge  on  the  flexibility  of  resource 
allocation  strategies,  this  knowledge  would  be  to  its  advantage  in  the 
acquisition  of  a  new  scdel,  compared  with  the  EP  and  NB  groups  which  were 
subjected  to  a  rigid  schedule  of  training. 
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EXPERIMENT  I 


METHOD 


Experimental  Tasks 

Tracfcing;  A  dual  axis  pursuit  tracking  task  served  as  one  experi- 

I 

aental  task.  Subjects  vrere  seated  at  a  dist^mce  of  approximately  70  cm 
from  a  CRT  screen  (22  x  22  cm  about  18  degrees  visual  angle)  on  which  a 
square  and  an  X  figures  (1.5  x  1.5  cm)  were  displayed  (Figure  2).  The 
square  served  as  a  target  symbol  and  moved  continuously  along  the  two 
dimensions  of  the  screen,  driven  by  a  band  limited,  random,  forcing 
function  with  a  cutoff  frequency  of  .7Hz,  controlled  by  a  second  order 
digital  filter.  The  X  symbol  was  controlled  through  a  single,  two- 
dimensional  spring-loaded,  hand  controller.  Right  and  left  deflections 
of  the  hand  controller  moved  the  X  on  the  screen  in  the  horizontal  axis, 
while  fore  and  aft  deflections  were  translated  into  and  down  movement 
on  the  screen  respectively.  Hand  controller  deflections  did  not  affect 
the  position  of  the  X  on  the  screen  directly,  but  changed  the 

acceleration  component  of  its  movement.  Control  dynamics  generally  followed 
the  equation 

(1)  6  ■  (1  -  a)  0.75  (velocity)  +  (a)  0,3  (acceleration) 

Theta  represents  control  system  output.  Alpha  values  in  equation  (1) 
were  manipulated  to  vary  the  relative  contribution  of  velocity  and  accele¬ 
ration  components  to  system  response. 

The  tracking  system  was  Installed  on  the  right  hand  side  of  the  sub¬ 
jects'  chair  and  operated  by  the  right  hand. 


Insert  Figure  2  about  here 


o 


-  27a  - 


TRACKING  I 
BARGRAPH 


DESIRED  PERFORM/U^ 

- ^ 


X 


CONTROL 

SYMBOL 


LETTER  TYPING 
BARGRAPH 


letter  typingQQQ 

KEYBOARD 


1  TRACKING 
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Fig.  2:  Subjects  display  in  concurrent  performance  of  Tracking  and 
Letter-Typing 


Letter  typing  task;  The  letter  typing  task  was  based  on  a  3  key 
letter-shape  typewriter  for  the  Hebrew  language,  developed  by  Gopher  and 
Eilam  (1979) .  In  the  Letter-Shape  keyboard  every  letter  of  the  Hebrew 
alphabet  is  entered  by  two  successive  chords,  each  comprised  of  some  com¬ 
bination  of  the  three  keys. 

Letter  codes  can  be  best  envisioned  within  a  six  cell  imaginary  matrix 
in  which  three  columns  represent  the  three  keys  amd  two  rows  the 
two  successive  chords  (Appendix  A) .  The  codes  were  designed  to  resemble  as 
such  as  possible  the  graphic  form  of  the  letters  in  printed  Hebrew.  For 
this  purpose,  each  of  the  cells  in  the  imaginary  matrix  was  treated  as  a 
graphic  element.  Letter  forms  were  created  similar  to  the  way  that  symbols 
in  graphic  displays  are  constructed  from  dots  and  strokes.  Some  examples 
of  different  letter  codes  are  presented  in  Appendix  A. 

The  letter  typing  task  was  configurated  as  a  self-paced  reaction  time 
task.  Single  letters  were  displayed  inside  the  target  square  of  the 
tracking  task  (see  Figuxe  2) .  This  was  done  in  order  to  avoid  as  much  as 
possible  interference  due  to  peripheral  vision.  Subjects  had  to  cancel 
letters  by  typing  the  code  of  the  displayed  letter.  If  the  correct  code 
was  entered,  the  letter  disappeared  and  after  an  interval  of  100  msec 
another,  randomly  selected  letter,  was  displayed.  If  incorrect  codes 
were  repeatedly  entered  or  subjects  failed  to  respond  within  a  time 
Interval  of  3  seconds,  the  displayed  letter  was  automatically  changed 
by  the  con^uter. 

In  a  different  version  of  the  code  typing  task,  the  subject  could 
write  each  letter  on  the  screen  by  typing  the  proper  code.  This  version 
was  used  for  initial  training  on  the  task. 
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Three  groins  of  4  letters  selected  empirically  from  the  set  of  22 
Hebrew  letters  were  used  in  the  experiment,  nie  first  group  was  composed 
of  4  easy  letters,  in  %fhich  the  two  successive  chords  of  each  letter  code 
were  identical  (Appendix  A).  A  second  group  included  4  difficult  letters, 
letters  in  %diich  chords  were  different  and  asynnetrical  (Appendix  A) . 
Finally,  a  group  of  4  medium-difficult  letters  was  selected  (Appendix  A). 

Difficulty  of  letter  codes  was  determined  empirically  from  the  results 
of  an  initial  reaction  time  test.  It  appears  to  stem  from  motor  factors 
related  to  finger  combinations  and  transition  from  first  to  second  chords 
(see  Gopher,  Brickner  and  Navon,  in  press) .  TJie  three  letter  sets  could 
be  presented  separately  to  memipulate  task  difficulty  or  mixed  to  create 
equal  difficulty  sets. 

Digit  classification  task;  During  the  fifth  experimental  session, 
stibjects  were  required  to  perform  the  tracking  or  letter  typing  task  with 
a  digit  classification  task.  In  this  task,  a  single  digit  presented  on  the 
screen  had  to  be  classified  into  one  of  two  predefined  groups  by  pressing 
a  key  on  a  two  button  keyboard.  Digits  were  presented  for  300  msec, 
followed  by  a  1200  msec  interval  in  which  masking  square  appeared  in  the 
digit's  location  to  minimize  effects  of  iconic  storage.  Sets  of  digits 
%rere  changed  between  two  minute  trials  to  avoid  consistent  mapping. 
Difficulty  on  this  task  was  manipulated  by  changing  the  numberof  digits 
in  each  group. 

When  the  digit  classification  task  was  performed  concurrently  with 

m- 

tracking,  digits  were  displayed  within  the  target  square,  and  the  keyboard 
was  mounted  on  the  left  hand  side.  When  digit  classification  was  performed 
with  the  letter  typing  task,  the  digit  was  presented  in  a  fixed  location  to 
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the  right  of  the  displayed  letter  and  responded  to  by  the  right  hand. 
Classification  performance  was  evaluated  by  a  oombined  speed-accuracy  score 
conputed  from  the  following  equation: 


(2) 


WRT  = 


MC  X  CRT  *  (NF+NISS)  x  1500  msec 
KT 


where;  WRT  -  Average  weighted  reaction  time  score 

NC  -  Number  of  correct  reactions 
CRT  -  Average  correct  reaction  time 
NF  -  Number  of  false  reactions 
HISS-  Number  of  misses 

NT  -  Total  number  of  stimuli  presented  (+NC  +  NF  +  MISS) 

Note  that  1500  msec  is  the  interstimulus  interval ,  thus  this  equation 
strongly  discourages  guessing  and  emphasizes  accurate  classification. 

Priority  manipulation  by  feedback  indicators;  Siabjects  could  be 
presented  with  an  on-line  continuous  feedback  on  their  performance.  Feed¬ 
back  indicators  comprised  a  short,  static  vertical  line  and  two  moving  hori¬ 
zontal  bar-graphs  (see  Figure  2).  The  static  line  represented  the  desired 
level  of  performance  in  terms  of  tracking  error  and  correct  response  time 
to  letters.  Desired  performance  was  determined  in  reference  to  a  normal¬ 
ized  baseline  distribution  of  performance  obtained  for  each  subject  at  the 
end  of  the  second  training  session.  Subjects  were  generally  required  to 
perform  the  tasks  in  the  dual-task  condition  at  their  average  level  in 
single- task  performance.  The  difference  between  the  moving  bar -graph  of 
each  task  and  the  desired  performance  line  reflected  the  momentary  difference 
bet%«een  actual  and  desired  performance.  This  difference  was  computed  con¬ 
tinuously  by  subtracting  the  momentary  error  score  (for  tracking)  and 
reaction  time  score  (for  letter  typing)  from  the  desired  score  and  dividing 
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the  outccase  by  the  standard  deviation  of  the  baseline  distribution.  The 
ri^t  side  bar-9rai^  represented  performance  on  the  letter  typing  task  and 
the  left  side  bar-graph  represented  tracking  perfomumce. 

Task  priorities  could  be  manipulated  by  stoving  the  desired  perform¬ 
ance  line  from  the  center  (equal  priorities)  to  the  left  side  (high  prior¬ 
ity  for  letter  typing  and  low  priority  for  tracking)  or  to  the  right  side 
(high  priority  for  tracking  and  low  for  letter  typing) .  A  priority  level 
of I  say,  .75  for  tracking  corresponded  to  a  level  of  performance  that 
assumed  the  75th  percentile  in  the  baseline  distribution  of  tracking  per¬ 
formance  for  that  subject.  That  is,  an  instruction  to  put  priority  of  .75 
was  actually  a  requirement  to  perform  at  a  level  better  than  the  lowest 
75  percent  of  the  baseline  performance  levels. 

The  use  of  a  single  vertical  desired  performance  line  with  horizontal 
bar-graphs  in  this  experiment  is  a  ch^mge  from  the  display  used  by  Gopher 
and  North  (1977)  and  Gopher  and  Navon  (1980) .  The  present  display  has 
several  advemtages  over  the  old  procedure,  since  it  reduces  the  use  of 
peripheral  vision  and  enhances  the  ability  of  subjects  to  compre  directly 
the  relative  differences  of  the  t%>ro  bar -graphs  from  desired  performance. 

Verbal  Feedback  and  Monetary  Rewards 

In  order  to  motivate  subjects  zmd  encourage  them  to  maintain  the 
required  allocation  of  effort,  verbal  feedback  and  monetary  reward 
were  used  during  experimental  sessions  2-5.  In  the  beginning  of  each 
trial  subjects  were  told  the  eaqjected  level  of  performance  for  that  trial. 
At  the  end  of  the  trial  they  were  informed  on  their  actual  level  of 
performance.  Xn  addition,  stonetary  rewards  were  given  in  each  trial.  At 
the  end  of  each  trial  mean  distance  between  actual  and  desired  performance 
was  confuted  for  each  task  and  the  reward  was  inversely  proportional  to  tht 
larger  difference  between  actual  and  desired  perfomumce  on  the  two  tasks. 


If  the  subject  reached  the  demjuid  levels  on  both  tasks,  he 
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received  10  Israeli  pounds  (about  .3  US$)  for  that  trial.  A  distance  of 
two  standard  deviations  from  desired  p>erfomance  on  one  task  resulted  in 
Eero  reward.  The  unique  property  of  this  reward  procedure  was  that  it 
discouraged  subjects  from  allocating  all  their  resources  to  one  task  and 
neglecting  performance  on  the  other  task.  If  performance  exceeded  the 
desired  performzmce  level  on  both  tasks,  the  reward  was  proportionally 
higher  than  10  IL. 

Experimental  groups 

Subjects  were  assigned  into  one  of  three  experimental  groups: 

1)  Variable  priority  group  (VP) :  Subjects  in  this  group  practiced  dual¬ 
task  performance  with  five  different  priority  levels.  The  five 
priority  conditions  en5)loyed  were:  .25,  .35,  .5  (equal  priority), 

.65,  .75. 

2)  No  bargraphs  group  (MB) :  Subjects  in  this  group  performed  both  tasks 
with  no  real  time  feedback  indicators  or  priority  demands.  They  were 
instructed  verbally  to  consider  both  tasks  equally  importamt,  and  were 
demanded  to  reach  a  pre-set  performance  level  on  each  task. 

3)  Equal  priority  group  (EP) :  In  this  group  subjects  practiced  dual-task 
performance  with  real  time  priority  and  feedback  indicators.  However, 
only  equal  priority  conditions  (.50  -  .50)  were  employed  during  the 
«diole  period  of  practice. 

Procedure 

All  subjects  participated  in  five,  t%ro-hours  experimental  sessions. 

No  two  sessions  %«ere  held  on  the  same  day. 
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Session  I  -  Single  task  txaining;  the  first  session  was  devoted  to 

initial  familiarization  and  training  on  each  t^ask  by  itself.  Subjects  were 

presented  with  the  letter  typing  task  and  practiced  until  they  could  type 

all  letters  twice  without  error.  Training  proceeded  by  12  two-minute  trials 

using  the  set  of  all  22  Hebrew  letters,  followed  by  nine  trials  in  which 

each  of  the  three  equally  difficult  subsets  of  4  letters  was  presented 

three  times.  In  addition,  12  three  minute  trials  of  adaptive  tracking  were 

) 

interweaved  in  the  letter  typing  trials.  Adaptive  techniques  were  employed 
to  increment  tracking  difficulty  by  gradually  increasing  the  proportion  of 
acceleration  determinants  in  the  control  dynamics  of  the  hand  controller. 
Acceleration  percentage  was  incremented  whenever  tracking  errors  were  lower 
than  the  specified  criteria  of  performance.  Performance  criteria  in  the 
adaptive  equation  were  ten  percent  of  scale  root  mean  square  errors  (RMS) 
on  each  axis  and  adaptive  steps  were  .0005  for  every  60  msec, computer 
decision  cycle. 

At  the  end  of  this  session  each  subject  was  assigned  to  one  of  three 
experimental  groups;  the  variable  priority  (VP) ,  no  bargraphs  (MB),  or 
equal  priority  (EP)  group.  Subjects  in  the  three  experimental  groups  were 
matched  according  to  their  performance  scores  on  both  experimental  tasks. 

Session  II ;  The  second  experimental  session  started  with  five  trials 
of  initial  dual-task  training,  followed  by  ten  trials  of  dual-task  train¬ 
ing  according  to  the  training  conditions  of  each  experimental  group.  In 
addition,  3  trials  of  letter  typing  alone  and  two  trials  of  tracking  alone 
were  performed  to  evaluate  single  task  changes  and  obtain  the  baseline 
performance  levels  for  the  manipulation  of  task  priorities  during  the  next 


session. 
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Session  III:  Session  III  consisted  of  25  trials  of  dual-task  train¬ 
ing  under  the  different  training  conditions. 

Session  IV:  In  the  fourth  session  all  three  groups  were  transferred 
to  a  dual-task  changing  difficulty  condition  with  a  requirement  to  maintain 
fixed  levels  of  performance.  On-line  feedback  indicators  and  priority 
sianipulations  were  eliminated.  Insta<ad,  commensurate  manipulations  of 
tracking  2uid  typing  difficulty  were  j>erformed.  The  set  of  four  easy 
letters  was  combined  with  a  difficult  tracking  task:  the  four  medium 
difficult  letters  with  medium  difficulty  tracking;  and  the  four  difficult 
letters  with  an  easy  tracking  task.  Tracking  difficulty  was  m^mipulated 
by  setting  the  acceleration  level  20%  higher  (difficult  tracking)  or  lower 
(easy  tracking)  than  the  value  enfiloyed  for  each  subject  in  the  third 
session  (recall  that  this  value  was  obtained  in  Initial  adaptation) .  In  all 
three  difficulty  combinations,  subjects  were  required  to  maintain  a  constant 
performance  level.  They  received  verbal  instruction  on  the  expected  level 
of  perform2u\ce  and  monetary  rewards  according  to  their  achievements.  Each 
difficulty  combination  was  presented  four  times,  leading  to  a  total  of  12 
three-minute  trials.  In  addition,  one  single  task  tracking  trial  and  three 
single  letter  typing  trials  (one  for  each  letter  set)  were  presented  to 
evaluate  single  task  performemce. 

Session  V;  In  the  final  session  all  subjects  were  transferred  to  a 
new  task  configuration  in  *diich  tracking  or  letter  typing 

were  paired  with  the  digit  classification  task.  Half  of  the  subjects  in 
each  grovp  performed  typing  and  digit  classification,  while  the  other  half 
performed  tracking  and  classification.  The  procedure  was  similar  to  that 
of  session  IV.  A  difficult  digit  classification  task  was  combined  with 
easy  tracking,  or  easy  letter  set.  A  medium  difficult  digit  classifi¬ 
cation  task  with  medium  difficult  tracking  or  typing^and  easy  classification 
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with  difficult  tracking  or  letter  typing.  Classification  difficulty 
was  manipulated  by  using  2,  4  or  8  digits,  sets.  Dual-task  trials  were 
preceded  by  six  single  task  familiarization  trials  of  medium  difficulty 
digit  classification  ta^k.  Then,  15  dual-task  trials  were  performed. 

Again,  three  single  digit  classification  trials  -  one  for  each  level  of 
difficulty  -  were  administered  to  evaluate  single  task  performance.  Ver¬ 
bal  instruction  and  snnetary  rewards  %»ere  given  as  in  Session  IV. 

Subjects 

Eighteen  male,  right-handed  subjects,  ranging  from  19-25  years  of  age, 
participated  in  the  eiqperiment  (six  in  each  experimental  group) .  Subjects 
trare  paid  hourly  rates  for  the  first  session  and  earned  monetary  rewards 
for  their  performance  in  sessions  II  -  V. 


RESULTS 


Initial  training 

Letter  typing;  Average  response  times  for  letters  in  the  last  six 
trials  of  letter  typing  in  session  I  are  presented  in  T^tble  I.  In  each  of 
the  six  averaged  trials,  one  of  the  three,  equal  difficulty, 4  letter 
sets  was  presented.  Letters  were  displayed  within  the  moving  square  of 
the  tracking  target,  but  the  tracking  task  was  not  performed. 

Differences  between  grovps  are  small  and  reflect  the  matching  of 
subjects  assigned  to  the  three  experimental  groups. 


I 
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Table  1.  Response  times  and  standard  Deviations  (msec)  for  letter 
typing  at  the  end  of  the  first  experimental  session. 

Experimental  group 

.VP  NB  EP 

_ (N»6) _ (N-6) _ (N-6) 

Letter  X  1395  1404  1383 

Typing  SD  166  201  175 


Tracking  perforroamce:  During  the  first  experimental  session,  sub¬ 
jects  performed  10  tracking  trials  in  ii^ch  acceleration  percentage  was 
adapted.  Final  levels  of  acceleration  percentage  (a  level  in  equation  1) 
reached  by  the  subjects  in  the  three  experimental  groups,  are  presented 
in  Table  II. 

Table  II.  Average  final  levels  of  acceleration  reached  at  the 
end  of  the  first  experimental  session. 


Experimental  Group 

VP  NB  EP 

(N«6) _ (N°6)  _ (N=6) 


X  .623 

.628 

.597 

X 

SD  .133 

.164 

.140 

Tracking  axes 

X  .491 

.410 

.500 

Y 

SD  .194 

.203 

.201 

The  lower  levels  of  acceleration  reached  on  the  vertical  axis  reflect 


the  greater  difficulty  of  tracking  on  this  dimension  and  are  consistent  with 
earlier  findings  (Gopher  and  Navon  1980;  Gopher,  Brickner  and  Navon,  in 
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press),  nevertheless,  on  Inth  exes  the  proportional  contribution  of  the 
aoceleratian  oooponent  was  lsr9e  enough  to  create  relatively  difficult 
control  dynamics. 

It  should  be  noted  that  due  to  the  high  intersubject  variability  in 
the  acceleration  variaSle,  relative  to  letter  typing  performance,  matching 
of  subjects  in  this  variable  was  somewhat  more  difficult.  Exact  matching 
on  this  task  was,  however,  of  lesser  importance,  because  each  subject  per¬ 
formed  tracking  at  his  own  adapted  control  dynamics. 

At  the  end  of  the  adaptive  phase,  control  dynamics  was  fixed  and 
tracking  performance  was  measured  by  the  two-dimensional  root  mean  sgucure 
(RMS)  vector  differences  between  target  (f)  and  control  (c)  screen  posi¬ 
tion  (i/(X^  -  ^^t  ^c^  ^  *  Tracking  error  scores  were  expressed  as 

percent  of  maximum  screen  separation  between  target  and  controller. 

Initial  levels  of  dual-task  performamce 

All  e]q>erimental  groups  performed  at  the  beginning  of  the  second 
experimental  session  five  dual-task  trials  without  feedback  indicators. 
Table  III  suniDarises  the  results  of  these  trials.  These  results  substan¬ 
tiate  the  claim  that  the  three  experimental  groups  were  properly  matched 
not  only  on  single  task  performance  but  also  in  initial  dual-task  capa¬ 


bilities. 
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Table  III.  Average  response  times  for  letters  (msec)  and  RMS 

tracking  errors  {percent  of  scale)  in  5  Initial  trials 
of  dual-tas)c  training. 


Sbq>erinental  Group 

VP  MB  EP 


Letter 

X 

1581 

1601 

1598 

typing 

SD 

344 

316 

212 

X 

.384 

.369 

.395 

Tracking 

SD 

.55 

.51 

.66 

The  effects  of  priority  manipulation  on  performemce 

To  evaluate  the  effects  of  the  priority  manipulation  on  performance 
in  the  VP  group,  a  two-way  analysis  of  variance  (priority  x  replications) 
was  performed  on  the  last  twenty  practice  trials.  Priority  effects  were 
lau'ge  and  significant  on  both  tas)cs:  tracking  perfonn^ulce  F(4,20) 

29.30  (P  <  0.001),  letter  typing  F(4,20)  -  12.59  (P  <  0.001).  An 
is^rtant  finding  in  ^is  analysis  was  that  practice  effects  (trials)  did 
not  interact  with  priorities  on  either  task. 

Figure  3  depicts  the  effects  of  priorities  on  performance  in  the 
two  tasks. 

Insert  Figure  3  about  here 

It  can  be  seen  that  on  both  tasks  the  effects  are  nearly  linear. 
There  is  a  strong  tradeoff  between  the  two  tasks  throughout  the  scale  of 
priorities.  These  tradeoffs  are  better  clarified  in  Figure  4,  in  which 
the  performance  operating  characteristics  (POC)  of  the  joint  performance 
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of  tracking  and  letter  typing  are  presented. 


Insert  Figure  4  about  here 


Differential  training  under  time-sharing  conditions 

Figure  5a,  b  presents  the  training  effects  on  letter  typing  and 
tracking  performance  in  the  second  and  third  experimental  sessions.  Each 
point  in  these  curves  represents  average  performance  in  one  trial  in  which 
the  three  experimental  groups  (including  the  variable  priorities  group) 
performed  both  tasks  with  equal  priorities.  Seven  equal  priorities  trials 
were  given  during  training  of  the  variable  priorities  group,  and  those  are 
compared  with  performance  levels  of  the  EP  and  NP  group  at  the  same  time 
•  point. 

Insert  Figure  5a,  b  about  here 

On  both  tasks  a  large  difference  between  the  performance  levels  of 
the  dhree  groups  developed  with  training.  Gradients  of  learning  in  the 
variable  priority  group  (VP)  were  much  steeper  than  those  of  the  equal 
priority  fEP)  emd  no  bargraph  (N6)  groups,  leading  to  an  increasing  dif¬ 
ference  in  the  overall  quality  of  performance  in  favor  of  the  VP  group. 

A  tw-way  analysis  of  variance  (eJtperimental  group  x  training)  was  per¬ 
formed  on  each  task  to  test  the  significance  of  these  differences.  For 
tracking  performance,  both  group  effect  (F(2,10)  »  16.48;  F  <  0.001)  and 
training  (trials)  effect  (F(6,30)  «  7.90;  P  <  0.001)  were  statistically 
significant.  The  interaction  between  groups  and  training  reached  only  the 
.10  level  of  significance  (F(12,60)  «  1.85;  0.05  P  <  0.10).  For  letter 
typing,  the  training  effect  was  highly  significant  (F(6,30)  *  11.42; 

P  <  0.001).  Group  effects,  although  appzurent  in  Figure  3,  reached  only 
.10  level  of  significance  (F(2,10)  «  3.95;  P  <  0.10). 


The  differences  between  the  three  experimental  groups  were  further 
explored  by  caiig>aring  their  performance  the  last  20  trials  of  the  third 
experimental  session.  Recall  that  the  VP  subjects  performed  five  different 
priority  combinations  while  EP  and  NB  subjects  performed  all  trials  under 
equal  priorities  instructi'ons.  The  results  of  this  coo^arison  are  presen¬ 
ted  in  Table  IV. 

Table  IV.  Mean  dual-task  performemce  of  letter  typing  (msec)  and 
tracking  (RMS  error)  on  the  last  twenty  differential 
training  trials. 

Experimental  group 


VP 

NB 

EP 

X 

1120 

1219 

1234 

Letter  typing 

SD 

180 

231 

205 

X 

.289 

.359 

.324 

Tracking 

SD 

.44 

.73 

.61 

A  two-way  analysis  of  variance  {groMp  x  training)  was  performed  on 
the  performance  scores  of  each  task.  For  tracking,  both  main  effects 
were  statistically  significant:  groi;^  effects  (F(2,10)  12,54;  P  <  0.001), 

training  effects  (F(3,15)  ■  4.86;  P  <  0.05).  For  letter  typing  again  the 
grotqp  effect  reached  only  the  .10  percent  level  of  statistical  significance 
(F(2,10)  *  3.11;  P  <  .10),  while  training  effect  was  significant 
(F{3,45)  -  6.46;  P  <  0.01). 

Paired  conqparisons  that  were  conducted  for  tracking  performance  to 
test  the  differences  between  the  EP  and  MB  groups  (Fig.  5b) ,  showed  that 
the  differences  were  not  significant  (F(2,120)  >  1.96). 
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Pig.  5b:  Tracking  RMS  error  scores  during  7  equal  priority  trials  for  each 
of  the  three  experimental  groups. 
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It  is  interesting  to  note  that  on  both  tasks  average  performance  of 
the  EP  and  NB  groups  was  close  to  the  perforaance  of  the  VP  group  at  the 
lowest  priority  level. 

Transfer  to  changing  difficulty  conditions  with  fixed  performance  levels 

To  recall,  in  the  fourth  experimental  session,  the  three  groups  were 
transferred  to  a  new  condition  in  which  on-line  feedback  was  eliminated 
and  subjects  were  instructed  to  maintain  constant  levels  of  performance  in 
spite  of  conmens urate  changes  in  task  difficulty. 

Figure  6a,  b  presents  the  results  of  letter  typing  and  tracking 
performance  in  four  successive  replications  of  difficulty  manipulation. 
Performance  on  both  tasks  revealed  clear  effects  of  group  affiliation, 
task  difficulty  and  a  strong  interaction  between  the  two.  The  general 
pattern  on  both  tasks  was  remarkably  similar.  Average  performance  levels 
of  the  VP  group  were  much  better  than  those  revealed  by  the  other  two 
groups.  In  addition,  performance  of  the  EP  and  NB  groups  was  strongly 
affected  by  the  difficulty  manipulation,  while  the  VP  group  had  smaller 
slopes  indicating  their  ability  to  protect  performance  in  view  of  diffi¬ 
culty  changes. 

Insert  Figure  6a,  b  about  here 

A  three-way  analysis  of  variance  (group  x  difficulty  x  training)  was 
conducted  for  each  task.  For  letter  typing,  all  main  effects  reached 
statistical  significance.  Experimental  group  effect  (F(2,10)  9.28; 

•p  <  0.01);  difficulty  effect (F(2, 10)  »  46.28;  P  <  0.001)  and  training 
effect  (F(3,15)  •  5.40;  P  <  0.05).  The  interaction  between  group  and 
difficulty  was  also  significant  (F(4,20)  ■  4.87;  p  <  0.01). 


All  main  effects  and  group-by-difficulty  interaction  were  also 


Letter  typing  performance  with  tracking  under  changing  difficulty  conditions.  Also  plotted  are 
performance  levels  in  single  task  conditions  (N=18) . 


riq.  6b!  Tracking  performance  with  letter  typing  under  changing  conditions.  Also  plotted 
are  performance  levels  in  single  task  conditions  (N»18) . 
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significant  for  tracking  performancs.  Experiaiental  group  effect 
{F{2,10)  «  14.00;  P  <  0.001) j  difficulty  effect  (F(2,10)  =  32.24; 

P  <  0.001),  and  training  fF(3,15)  =  3.71;  p  <  0.05).  The  interaction 
between  group  and  difficulty  was  also  significant  (F(4,20)  <=  3.34;  P  <  0.05) 

A  Schaffe  paired  conpartson  test  on  trac)cing  performance  revealed 
significant  group  differences  between  the  EP  and  NB  group  (F(2,12)  =  7.40; 

P  <  0.01)  between  VP  and  EP  groups  (F(2,120)  =  3.29;  P  <  0.05)  and  of  course 
l:>etween  the  VP  and  HB  groups  (F(2,120)  =  11.03;  P  <  0.001). 

Kote  that  for  both  tas)cs  and  for  all  three  experimental  groups 
single  tas)c  performance  was  much  better  than  dual  tas)c  performance.  In 
addition,  the  differences  between  the  three  experimental  groups  almost 
disappeared  and  all  three  exhibited  steep  slopes  with  difficulty  changes. 
These  findings  indicate  that  the  relatively  flat  slopes  of  the  VP  group 
in  the  dual  task  performance  were  indeed  an  outcome  of  an  improved  time¬ 
sharing  capability  and  not  a  ceiling  effect  or  a  mere  result  of  improved 
performance  ability  on  each  task. 

Letter  typing  and  tracking  combined  with  a  digit  classification  task 

In  the  fifth  experimental  session,  half  of  the  subjects  in  each  ex¬ 
perimental  group  performed  tracking  concurrently  with  a  digit  classifica¬ 
tion  task,  the  other  half  performed  letter  typing  with  digit  classification. 
Experimental  conditions  replicated  the  changing  difficulty  design  employed 
in  the  fourth  session. 

Tracking  and  digit  classification;  The  results  of  tracking  per¬ 


formance  with  digit  classification  are  presented  in  Figure  7a,  b.  In  all 
three  experimental  groups  and  for  both  tasks,  difficulty  changes  resulted 
in  steep  changes  in  performance  levels.  Subjects  in  the  VP  group  seem  to 


Insert  Figure  7a,  b  about  here 


be  better  on  the  average  in  their  tracking  performance  (see  Fig.  7a)  but 
they  also  could  not  protect  performance. 

A  three-way  analysis  of  variance  (group  x  difficulty  x  training) 
was  conducted  to  evaluate  these  results.  A  significant  group  effect  was 
revealed  on  the  trac)cing  tas)i  F(2,4)  ■■  8.81  (P  <  0.05).  The  difficulty 
effect  was  also  significant  F(2,4)  ■  14.95  (P  <  0.05).  On  digit  classifi¬ 
cation  there  were  no  significant  group  differences  (F(2,4)  =  1.07).  The 
difficulty  effect  was  very  large  F(2,4)  =  110.76  (p  <  0.001)  and  there  was 
a  significant  training  effect  F(4,8)  =  7.02  (F  <  0.01).  This  result  is 
not  surprising  because  the  tas)c  was  new  to  the  siibjects.  No  interaction 
on  either  taslc  approached  statistical  significance. 

Letter  typing  and  digit  classification:  Concurrent  performance  of 
these  two  tasl^e  created  an  entirely  new  situation  for  the  subjects  because 
it  involved  two  discrete  tasks,  one  of  which  was  self-paced  (letter  typing) 
and  the  other  externally  paced  (digit  classification).  Thus,  a  new 
coordination  strategy  had  to  be  developed.  Performance  on  the  two  tasks 
is  depicted  in  Figure  8a,  b. 

Insert  Figure  8a,  b  about  here 

It  <fax\  be  seen  that  performance  on  both  tasks  was  severely  impaired 
as  campared  to  the  performance  of  these  tasks  with  tracking.  Furthermore, 

I 

the  strong  interference  between  the  tasks  caused  nonmonotonic  effects  of 
the  difficulty  manipulation  on  performance.  In  most  of  the  trials,  perform¬ 
ance  on  the  easy  task  version  was  worse  than  performance  on  the  medium 
difficulty  version.  These  effects  can  probably  be  attributed  to  the  inter¬ 
ference  from  the  concurrently  performed  task,  which  was  simultaneously 


Fig.  7«;  The  effect  of  difficulty  nanipulation  on  tracking  performance 
(a)  under  time-sharing  conditions  with  digit  classification. 


presented  at  its  most  difficult  version.  In  the  medium  difficulty 
conditions,  both  tasks  were  medium. 

A  three-way  analysis  of  variance  revealed  significant  difficulty 
effects  on  both  tasks  -  letter  typing  F(2,4)  «  9.31  (P  <  0,05)  and  digit 
classification  F(2,4)  »  29.84  (P  <  0.001).  Training  effects  in  digit 
classification  were  also  significant  «-  F(4,8)  *  8.93  (P  <  0.01).  Neither 
group  effects  nor  any  interaction  were  significant. 

Comparison  of  digit  classification  in  concurrent  p>erfor7nance  with 
tracking  and  with  letter  typing;  Digit  classification  was  performed  much 
better  when  combined  with  tracking  than  with  letter  typing.  The  weighted 
reaction  time  score  for  digit  classification  with  tracking  was  650  msec 
(SD  =  85  msec)  and  for  classification  in  concurrence  with  letter  typing  - 
843  msec  {SD  =  121  msec) . 

These  differences  are  highly  significant  (t(16)  =  5.93;  P  <  0.001). 
Single  task  performance  of  digit  classification  showed  no  such  differences 
between  the  two  groups.  Average  single  task  performance  was  675  msec  for 
the  tracking  group  and  652  msec  for  the  letter  typing  group. 

Comparison  of  tracking  performance  in  sessions  4  and  5:  Tracking 
performance  of  the  same  subjects  was  better  on  the  fifth  session  when  this 
task  was  combined  with  digit  classification  than  on  the  fourth  session  when 
it  was  performed  with  letter  typing. 

Average  KMS  errors  on  session  4  were  .318  (SD  >  .67) 

Average  RMS  errors  on  session  5  were  .289  (SD  =  .46). 

A  t  test  showed  that  these  differences  were  highly  significant 
(t(6)  -  4.21;  P  <  0.001). 


No  such  differences  were  found  between  single  task  performance  levels  in  the 
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■fig.  0:  Th*  effects  of  dl^lculty  manipulation  on  letter-typing  (a)  and  digit  classification  (b)  of  the 
three  groups  during  6  dual  task  replications  (n=9) . 


45  - 


two  sessions.  Average  RMS  errors  were  .235  and  .227  in  sessions  4  and 
5  respectively  (t(8)  ■  0.83). 

Letter  typing  performance  in  sessions  4  and  S;  Letter  typing  per¬ 
formance  was  reaar)cably  better  when  performed  with  trac)cing  (session  4) 
than  with  digit  classification  (session  5) : 

Average  response  time  on  session  4  was  1175  msec,  SD  =  183  msec 

Average  response  time  on  session  5  was  1815  msec,  SD  =  306  msec. 

These  large  differences  were  also  highly  significant  (^(8)  =  9.03; 
P  <  0.001) .  ‘ 


DISCUSSION 

Separate  training  and  initial  dual-tas)c  performance 

The  design  of  the  present  experiment  required  prolonged  training 
periods  on  both  ekperimental  tas)cs.  Hence,  the  samples  that  could  be 
employed  were  relatively  small  and  matching  of  subjects  to  control  some 
of  the  individual  variations  was  inevitable.  It  is  important  to  note  that 
matching  was  successfully  accomplished,  as  shown  in  Tables  I  and  II, 
without  eliminating  any  subject  from  the  sample.  In  addition,  although 
only  single  tas)i  measures  were  employed  for  matching,  initial  performance 
under  dual-tas)i  conditions  showed  no  initial  differences  in  performance 
between  the  three  groups  at  the  beginning  of  raining  (Table  III). 

It  can  be  seen  (Tables  I,  II,  III)  that  the  joint  performance  of 
trac)(ing  and  letter  typing  caused  a  large  decrement  in  letter  typing  per¬ 
formance,  as  compared  with  single  ta8)i  letter  typing  at  the  end  of  the 
first  experimental  session.  This  decrement  indicates  initial  interference 
or  competition  for  comnon  resources  laetween  the  two  tBs]cs.  Trac)iing  per¬ 
formance  cannot  be  compared  in  the  same  manner,  liecause  initial  training 
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on  this  task  was  adaptive. 

Effects  of  priorities  manipulation 

Manipulation  of  priorities  in  the  VP  group  had  a  large  and  signifi¬ 
cant  effect  on  the  performance  of  both  tasks  (Figure  3) .  n^is  outcome  is 
consistent  with  the  results  of  several  previous  studies,  in  i^ich  a  similar 
technique  of  priority  manipulation  was  employed  (Gopher  and  North  1974; 
Gopher  and  North  1977;  Wickens  emd  Gopher  1977;  Gopher  and  Navon  1980; 

Navon,  Gopher  and  Chillag  1980;  Gopher,  Brickner  and  Navon  in  press). 
Priority  effects  in  the  present  experiment  were  nearly  linear  on  both 
tasks,  indicating  strong  competition  between  the  two  tasks  for  common 
resources  across  the  whole  ramge  of  performance,  except  for  the  highest 
priority  level  of  the  letter  typing  task  on  which  performance  did  not 
inprove.  It  seems  that  this  task  exhibited  some  effects  of  reduced  mar¬ 
ginal  efficiency  of  resource  investment  (Navon  and  Gopher  1979).  However, 
the  nonlinear  portion  was  small  in  conparison  with  other  dual-task  com¬ 
binations  on  which  the  benefit  of  one  task  from  the  released  resources  of 
the  concurrently  performed  task  was  much  smaller.  For  exaople,  horizontal 
and  vertical  pursuit  tracking  (Gopher  and  Navon  1980),  pur!,uit  tracking  and 
digit  cl<issification  (Navon,  Gopher  and  Chillag  1980) ,  and  one-dimensional 
conpensatory  tracking  with  self-paced  digit  processing  (North  1977). 

The  nature  of  tradeoff  between  tracking  performance  and  letter  typing 
is  best  presented  by  the  Performance  Operating  Characteristics  (POC)  between 
the  tasks  (Figure  4)  which  is  nearly  linear  except  for  the  highest  priority 
level  of  letter  typing.  Mote  that  single  task  performance  is  only 
aK>derately  better  than  the  high  priority  dual-task  performance  levels. 


These  findings  suggest  that  the  locus  of  task  interference  in  this  experi¬ 
ment  is  mainly  resource  related.  That  is,  the  two  tasks  coapete  for  commcn 
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resources  with  little  or  no  effects  of  etructural,  or  concurrence  cost 
factors  (Navon  and  Gopher  1979} . 

A  similar  pattern  of  priority  effects  on  the  same  task  combination 
was  obtained  by  Gopher «  Brickner  and  Navon  (in  press)  who  Investigated 
the  effects  of  different  types  of  typing  difficulty  parameters  (motor, 
cognitive)  on  its  joint  performance  with  two-dimensional  pursuit  tracking. 
They  concluded  that  typing  and  tracking  coiiq?ete  mainly  for  a  motor-related 
resource  and  not  for  cognitive  resources. 


Effects  of  training  with  priority  changes  and  augmented  feedback 


The  results  of  differential  training  of  the  three  experimental  groups 
were  rather  surprising  and  contradicted  several  of  our  initial  expectations 
The  VP  group  achieved  the  best  performance  levels  on  both  tasks.  This  is 
demonstrated  by  comparing  all  trials  on  which  the  three  groups  received 
equal  priority  instructions  (see  Figure  5a,  b)  and  also  by  comparison  of 
the  average  performance  levels  at  the  end  of  the  practice  period  (Table  IV) 
Performance  levels  of  the  EP  and  NB  groups  approached  those  achieved  by 
the  VP  group  on  the  lowest  priority  conditions.  These  differences  are 
surprising  because  it  was  expected  that  the  EP  and  NB  groups,  which 
practiced  under  more  unified  and  consistent  conditions,  and  were  relieved 
from  the  requirement  to  reallocate  resources  in  unequal  shares,  would 
develop  some  level  of  task  automaticity  (Shiffrin  €uid  Schneider  1977; 

Logan  1978,  1979),  or  task  integration  (Neisser  1977),  which  will  show  in 
improved  joint  performance  relative  to  the  VP  group. 


Furthermore,  the  superior  performance  ability  of  the  VP  group,  which 
was  developed  during  the  practice  period,  did  not  disappear  or  dimini^ed 
when  the  three  groups  were  transferred  to  a  common  difficulty  manipulation 
without  feedback  indicators.  The  VP  group  revealed  better  performance  in 


two  aspects  of  this  transfer  condition:  first,  dual-task  performance  was 
reliedily  better  on  both  tas!:>,  indicating  that  the  tiIne-8h^u:ing  skill 
acquired  by  the  VP  group  dux'ing  differential  training,  tr^sferred 
positively  to  the  new  experimental  condition.  Secondly,  the  VP  group 
succeeded  considerably  better  than  the  EP  and  NB  groups  in  protecting 
performance  against  difficulty  changes.  This  later  finding  cannot  be 
attributed  to  ceiling  or  data  limitation  effect  on  the  high  performance 
levels  of  the  VP  group,  as  evident  from  the  comparison  with  single  task 
performemce  levels  in  this  condition.  Another  ia^rtant  indication  that 
the  flat  slopes  of  the  VP  group  indeed  result  from  a  better  ability  to 
protect  performance  is  the  similarity  between  the  slopes  of  the  three 
grov?>s  in  single  task  performance  with  the  chemge  of  task  difficulty 
(Figure  6a,  b) .  Thus,  the  flat  slopes  of  the  VP  group  in  view  of  diffi¬ 
culty  changes,  reflect  a  .successful  adoption  of  sharing  strategy  to  balance 
performzmce.  The  fact  that  the  VP  group  was  superior  to  both  EP  and  NB 
groups  enables  us  to  conclude  that  the  differences  stem  from  the  exposure 
to  variable  priority  training  and  cannot  be  accounted  for  by  the  augmented 
feedback  display. 

The  on-line  feedback  appeared  to  have  a  positive  effect  on  the 
acquisition  of  tracking  skills.  The  EP  group  revealed  better  tracking 
performance  during  training,  and  in  transfer  to  a  changing  difficulty 
condition.  No  such  differences  were  revealed  in  letter  typing  performance. 

The  differential  effects  of  feedback  augmentation  on  tracking  and  typing 
performance  may  be  the  result  of  the  basic  nature  of  these  two  tasks.  Tracking 
as  eiqployed  in  the  present  experiment  was  a  continuous  task,  the  perform¬ 
ance  of  which  demanded  continuous  error  estimation,  namely  the  evaluation 


of  the  dynamic  differences  between  target  and  the  controlled  element 
movements.  The  performance  of  this  task  appeared  to  lack  an  inherent  clear 
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feedback  on  the  quality  of  performance.  Subjects  who  were  asked  inform¬ 
ally  to  evaluate  their  tracking  performance  at  the  end  of  two-minute 
practice  trials  (without  feedback)  were  not  able  to  provide  accurate 
estimates.  Tracking  performance  could  therefore  greatly  benefit  from  the 
presence  of  on-line  feedbac)c  indicators. 

In  contrast,  letter  typing  was  a  discrete  task  in  which  new  letters 
were  not  displayed  until  the  correct  code  of  the  previously  displayed 
letter  was  entered.  Subjects  had  a  clear  indication  of  the  (quality  of 
their  perfomumce  even  without  feedback  bargraphs.  This  task  could  there¬ 
fore  benefit  less  from  the  presentation  of  on-line  feedback. 

In  the  fourth  experimental  session,  when  feedback  indicators  were 
completely  removed,  the  EP  group  still  maintained  better  tracking  levels 
compared  to  the  NB  group.  Hence,  the  on-line  feedback  not  only  improved 
innediate  performance  but  also  led  to  acquisition  of  improved  skills. 
Tracking  differences  between  the  EP  and  NB  groups  disappeared  in  single 
task  performance  (Figure  6b).  Somehow,  augmented  feedback  helped  tracking 
performance  only  under  time-sharing  conditions.  When  performed  singly, 
subjects  seem  to  have  enough  available  resources  to  supervise  performance 
and  estimate  error  even  without  added  feedback. 

Tracking  and  letter  typing  combined  with  a  digit  classification  task: 
In  the  last  experimental  session  half  of  the  subjects  in  each  of  the  three 
experimental  groups  were  transferred  to  a  changing  difficulty  dual-task 
condition  which  was  composed  of  one  familiar  task  (tracking  or  letter 
typing)  and  one  new  task  (digit  classification) .  Tracking  accuracy  scores 
%*hen  combined  with  the  digit  classification  task  were  quite  similar  to 
those  obtained  in  the  fourth  session  when  it  was  performed  with  the  well- 


practiced  letter  typing  task  (Figure  7a).  The  differences  between  groups 
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were  also  maintained  with  the  VP  groi^>  ^ revealing  best  performance, 
followed  by  the  EP  and  NB  groups.  However,  the  magnitude  of  these 
differences  was  considerably  smaller  than  those  obted.ned  in  the  former 
session.  More  important  is  the  fact  that  group  and  difficulty  effects 
did  not  interact.  Thu$,  tracking  performance  in  all  three  groups 
passively  reflected  changes  in  task  difficulty,  and  the  VP  group 
was  unedJle  to  protect  performance.  A  possible  interpretation  to  the 
reduced  group  differences  is  that  all  groups  received  equal  treatment  in 
the  fourth  e]q>erimental  session  so  that  performance  differences  diminished. 
The  inability  of  all  groups  to  overcome  changes  in  tracking  difficulty  may 
be  attributed  to  the  lack  of  resource  competition  between  tracking  and 
digit  classification.  Navon,  Gopher  and  Chillag  (1980)  argued  that  tracking 
and  digit  classification  overlap  very  little  in  their  demand  for  common 
resources.  Minimal  competition  is  also  uiplied  by  the  high  level  of 
tracking  performance  with  digit  classification  as  compared  to  tracking 
performamce  with  letter  typing.  It  can  be  argued  that  tracking  performance 
could  not  benefit  much  from  resources  released  by  the  concurrently  performed 
digit  task  and  its  performance  could  not  be  protected  from  difficulty 
effects. 

Digit  classification  also  revealed  strong  effects  of  the  difficulty 
manipulation,  but  no  group  differences  were  obtained.  In  general,  the 
transfer  of  subjects  from  the  joint  performance  of  tracking  and  letter 
typing  to  tracking  with  digit  classification  was  smooth  and  easy  and 
tracking  was  performed  significantly  better  with  digits  than  with  letters. 

It  is  interesting  to  compare  the  concurrent  performance  of  tracking 
and  digit  classification  in  the  present  study  with  the  results  obtained  by 
Havon,  Gopher  and  Chillag  (1980)  in  their  investigation.  Performance 
levels  on  the  digit  classification  task  of  the  present  subjects  were  about 
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20%  bettar  than  Mavon  -et  al'a  subjects,  although  In  that  experiment  sub¬ 
jects  had  xonger  and  acre  direct  training  in  the  concurrent  performance  of 

/  *  ■ 

tracking  and  digit  classification.  In  single  task  digit  classification, 
subjects  in  the  present  experiment  were  only  5%  better  than  Navon  et  al's 
subjects.  Although  an  exact  coeparison  of  the  two  experiments  is  not 
possible  because  of  some  procedural  differences  between  them.  The  results 
of  this  informal  comparison  can  be  interpreted  as  an  indication  that  early 
practice  in  the  concurrent  performance  of  tracking  with  a  letter  typing 
task  was  a  better  preparation  to  a  transfer  to  a  tracking  and  digit  classi¬ 
fication  conbination  than  direct  practice  on  tracking  with  digit  classifi¬ 
cation.  Itiis  is  of  course  a  speculative  suggestion  that  deserves  further 
Investigation. 

A  second  half  of  the  subjects  was  transferred  to  a  combination  of  two 
discrete  tasks,  the  previously  practiced  self-paced  letter  typing  and  the 
newly-introduced  externally-paced  digit  classification.  Perform^mce  on 
both  tasks  was  severely  impaired  as  compared  to  single  task  performance  or 
to  the  joint  performance  of  each  of  them  with  tracking  (Figure  8a,  b) .  When 
the  difficult  version  of  each  task  was  paired  with  an  easy  version  of  the 
concurrently  performed  task,  interference  between  tasks  was  so  severe  that 
the  overall  effects  of  the  difficulty  manipulation  on  the  performance  of 
both  tasks  had  a  shape  rather  than  a  monotonic  effect  (Figure  8) . 

Group  differences  were  not  revealed  on  either  task. 

In  spite  of  the  prolonged  training  on  the  letter  typing  task,  both 
singly  and  in  dual  task  conditions,  there  was  very  little  transfer  of 
former  training  to  the  performance  of  the  letters-digits  combination. 

The  satirical  data  reveals  the  existence  of  strong  mutual  interference 
between  the  tasks  and  indicates  that  initial  practice  did  not  reduce  the 
sources  of  this  interference.  Joint  performance  of  a  self-paced  and  an 
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externa lly-paced  task  requires  coordination  of  the  rhythms  of  perform¬ 
ance,  processing  and  response.  Tasks  that  have  incompatible 

rhythms  may  strongly  interfere  with  each  other  (Kahneman  1973;  Navon  and 
Gopher  1979;  Keel,  in  press).  In  the  present  experiment  the  only  way  to 
avoid  a  conflict  between  letter  typing  and  digit  classification  was  by 
adapting  the  rate  o£  response  on  the  self-paced  task  to  the  dictated  rhythm  o< 
digit  classification.  This  was  indeed  the  strategy  adopted  by  several 
subjects  in  the  present  experiment.  They  reacted  to  each  digit  immediately 
after  its  presentation  and  then  responded  to  one  letter.  This  strategy 
proved  to  be  quite  efficient.  However,  even  those  subjects  who  grasped 
this  principle  had  difficulties  in  applying  it  during  the  15  dual-task  trials 
of  the  present  experiment.  One  cause  for  such  difficulties  was  that  the 
letter  typing  task  was  usually  perceived  as  a  more  meaningful  and  interesting 
task.  Another  cause  was  the  greater  familiarity  of  this  task  as  compared 
with  the  digit  classification  task.  Thus,  when  a  letter  and  digit  were 
simultaneously  presented,  subjects  had  a  strong  tendency  to  react  first  to 
the  letter.  Doing  so,  they  frequently  missed  the  digit  altogether  and 
scored  poorly  on  this  task. 

The  outcomes  of  transfer  to  a  new  task  combination  can  be  summarized 
as  follows:  positive  transfer  was  observed  on  tracking  performance  when 
coupled  with  a  new  task  (di^it  classification)  which  was  quite  similar  to 
the  former  concurrent  task  (letter  typing),  both  tasks  are  discrete 
reaction  time  tasks  and  rely  heavily  on  TCmory  resources.  Little  or  no 
positive  transfer  of  training  was  obtained  on  letter  typing  when  coupled 
with  the  digit  classification  task.  Apparently,  the  combination  of 
classification  and  typing  in  contrast  with  tracking  and  typing  or  tracking 
and  classification  represent  a  fundamental  change  in  the  nature  of  the 
concurrent  situation  which  requires  the  development  of  time-sharing 
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■kills  that  were  not  acquired  during  former  training. 

The  concurrent  performance  of  tracking  and  typing  (or  digit  classi¬ 
fication)  differs  from  the  joint  performance  of  letter  typing  and  digit 
classification  in  several  in^rtant  aspects  that  may  contribute  to  the 
differences  in  perfomumce .  '  Tracking  is  a  continuous  task,  typing  is 
discrete,  their  integration  under  time-sharing  conditions  may  be  easier 
than  when  the  two  tasks  are  discrete.  If  the  two  tasks 
are  discrete,  a  problem  of  conflicting  rhythms  may  arise. 

Another  aspect  is  the  type  of  resources  involved.  Gopher,  Brickner 
and  Navon  (in  press)  showed  that  tracking  and  letter  typing  mainly  compete 
for  motor- related  resources.  In  a  second  study,  Navon,  Gopher  and  Chillag 
(1980)  reported  that  tracking  did  not  compete  with  digit  classification 
which  ia^josed  mainly  demands  on  cognitive  resources.  Applied  to  the  present 
situation,  the  results  of  the  two  studies  enable  some  interesting  inter¬ 
pretations  to  be  made:  transfer  of  subjects  to  the  performance  of  track¬ 
ing  and  digit  classification  did  not  create  major  conflict  for  common 
resources  because  the  overlap  between  the  two  was  minimal.  However, 
digit  classification  and  letter  typing  jointly  compete  for  cognitive  res¬ 
ources  ,  the  use  of  which  was  not  practiced  in  earlier  training  sessions 
because  letter  typing  and  tracking  competed  mainly  for  a  different  type  of 
resources  -  i.e.,  motor-related  requirement. 

Experiment  2  was  designed  to  investigate  these  questions.  I,etter 
typing  was  paired  with  digit  classification  within  the  same  general  design 
employed  in  the  first  experiment.  Training  was  conducted  employing  self- 
paced  versions  of  looth  tasks,  leading  to  transfer  to  externally-paced 
version  and  changing  difficulty  conditions. 
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EXPERIMENT  II 

METHOD 

Experimental  Tasks 

Letter  Typing;  The  letter  typing  task  employed  in  this  experiment 
was  identical  to  the  task  used  in  Experiment  1.  It  differed  only  in  the 
mode  of  display.  Because  the  tracking  task  was  not  used  in  this  experi¬ 
ment,  letters  were  displayed  in  a  fixed  location,  1.5  cm  left  of  the  center 
of  the  screen  (see  Fig.  9).  Typing  was  performed  with  the  left  hand. 

Digit  Classification;  The  digit  classification  task  used  in  Experi¬ 
ment  2  was  a  self-paced  version  of  the  task  described  in  Experiment  1. 

That  is,  a  new  digit  was  generated  by  the  computer  each  time  the  currently 
displayed  digit  was  classified  by  the  subject  or  3  seconds  passed  with  no 
response.  A  100  msec  delay  between  successive  digits  was  added,  to  enable 
subjects  to  identify  the  gh^nge  of  digits  on  the  screen.'  Digits  were 
displayed  1.5  cm  to  the  right  of  the  center  of  the  screen  (see  Fig.  9)  and 
responded  to  by  the  two  middle  fingers  of  the  right  hand. 

Note  the  difference  between  the  display  procedures  of  digits  and 
letters.  While  letters  remained  on  the  screen  until  a  correct  code  was 
entered  (or  until  3000  msec, have  passed),  digits  disappeared  in  reaction 
to  any  response.  This  procedure  was  employed  because  the  response  set  for 
digits  included  only  two  alternatives. 

Average  reaction  time  for  correct  classifications (CRT) ,  false 
classifications  (FRT) ,  and  missed  digits  (MISS) ,  were  recorded.  A 
weighted  reaction  time  score  (WRT)  was  computed  at  the  end  of  each  trial 
as  in  the  first  e]q>eriment  (equation  No.  1) ,  except  for  the  maximal 


inter-stimulus  interval,  which  was  3000  msec  instead  of  1500  msec. 


^ ) 


-  55  - 


) 


Insert  Flgture  9  about  here 


Priority  manipulation  by  feedback  indicators:  Subjects  could  be 
presented  with  an  on-line,  continuous  feedback  on  their  performance, 
as  described  in  Ej^rinent  1.  In  the  present  experiment  the  right  side 
bargraph  represented  digit  classification  and  the  left  side  bargraph 
represented  letter  typing  performauice  (see  Fig.  9).  At  any  moment,  each 
bargraph  displayed  the  mean  weighted  reaction  time  (WRT)  of  a  ten-trials 
running  window. 

Verbal  feedback  and  monetary  rewards;  As  in  the  first  experiment, 
verbal  feedback  and  monetary  rewards  were  given  in  all  but  the  first 
experimental  session.  At  the  end  of  each  two-minute  trial,  the  difference 
between  actual  and  desired  performance  was  computed  for  each  task  ^u^d 
rewards  were  inversely  proportional  to  the  difference  between  actual  and 
desired  performance.  If  subjects  reached  the  required  performance  levels 
on  both  tasks,  they  received  10  Israeli  pounds.  Reward  could  be  higher 
if  actual  performance  on  both  tasks  was  better  than  desired  performance. 

Ebcperimental  groups 

In  the  second  experiment  only  two  experimental  groups  were  contras¬ 
ted:  a  variable  priority  group  (VP)  where  subjects  practiced  dual-task 

perform2mce  at  five  different  levels  of  task  priorities,  and  an  equal 
priority  group  (EP) ,  in  which  on-line  indicators  were  presented  but  only 
equal  task  priorities  were  practiced. 

Procedure 


Experimental  sessions;  All  subjects  participated  in  six  two-hour 
experimental  sessions.  No  two  sessions  were  held  on  the  same  day.  The 
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general  experimental  design  is  presented  in  Table  5, 

The  first  session  was  devoted  to  initial  fa^liarizatlon  and  training 
on  the  two  eaqperimental  tasks.  Subjects  first  practiced  until  they  were 
able  to  type  all  letters  twj.ce  without  error,  then  they  performed  twelve 
two-minute  letter  typing  trials,  with  the  whole  set  of  22  Hebrew  letters, 
followed  by  nine  trials,  in  which  only  the  three  equal  difficulty  siabsets 
of  4  letters  were  presented.  On  the  digit  classification  task,  6  two- 
minute  trials  were  interweaved  in  the  letter  typing  trials.  For  each 
trial,  a  new  set  of  4  digits  was  introduced,  to  avoid  development  of 
consistent  aiapping  strategies. 

At  the  end  of  the  first  session,  subjects  were  assigned  to  one  of 
the  two  eigperimental  groups,  based  on  their  basic  performance  ability. 

Sessions  II  and  III  were  the  main  training  sessions,  under  varying 
or  equal  priorities,  including  a  total  of  30  two-minute  trials. 

In  the  fourth  session,  the  two  groups  were  transferred  to  the  per¬ 
formance  of  a  letter  typing  task,  together  with  the  externally  paced 
version  of  digit  classification  employed  in  the  fifth  session  of  experi- 
Bient  I.  To  recall,  each  digit  was  displayed  for  300  msec  followed  by  a 
1200  msec  interval  before  the  next  digit  was  presented.  Fifteen  two- 
minute  dual-task  trials  were  performed.  In  each  trial,  one  of  the  equal 
difficulty  foui-letter  sets  and  a  new  set  of  four  digits  were  combined.  In 
addition,  three  trials  of  single  task  digit  classification  were  performed. 
Feedback  indicators  were  not  used  during  this  session,  demand  levels  were 
given  verbally,  and  subjects  received  monetary  rewards  for  good  perform¬ 
ance.  Session  V  was  identical  to  session  III,  but  included  only  15  dual¬ 
task  trials,  and  served  for  retraining  of  the  two  experimental  groups. 


Session  VI  replicated  the  changing  difficult  fixed  performance 
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design  used  In  the  transfer  task  of  the  first  experiment.  The  difficulty 
manipulation  of  letters  consisted  of  the  sets  of  4-difficult,  4-meaium  and 
4-ea8y  letters  used  in  the  first  experiment.  Digit  classification  diffi¬ 
culty  was  manipulated  using  2,  4  and  8  digit  sets.  Fifteen  two-minute 
dual-task  trials  were  preceded  by  three  familiarization  trials  with  the 
three  sets  of  letters.  In  addition,  three  single  task  letter  typing  trials 
and  three  single  task  digit  classification  trials  were  performed  -  one  for 
each  level  of  difficulty.  Feedback  indicators  were  not  presented  amd  equal 
levels  of  performance  were  demanded  in  all  difficulty  combinations. 

Subjects 

Twelve  male,  right-handed  subjects,  aged  19-25,  participated  in  the 
experiment  -  six  in  each  experimental  group.  Subjects  were  paid  hourly 
rates  in  session  I  and  earned  monetary  rewards  for  their  performance 
during  sessions  II-VI.  None  of  these  subjects  participated  in  the  first 
experiment. 


RESULTS 


Initial  Training 

Letter  typing;  Average  response  times  and  standard  deviations  on 
the  last  six  letter  typing  trials  of  the  first  session  are  presented  in 
Table  6.  On  each  trial,  one  of  the  three  equal  difficulty  letter  sets 


was  presented. 
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Table  5 :  General  Design  of  Experiment  II 


Session  Ejqperimental  Group  Description^ 

Treatment 


Identical 


Identical 


Differential 


Differential 


Identical 


Differential 


Identical 


Separate  training  of  letter  typing 
and  digit  classification 

Initial  dual-task  training  without 
bargraphs  (8  trials) 

VP  -  Dual  task  with  varying  priorities 
(10  trials) 

EP  -  Dual  task  with  equal  priorities 
(10  trials) 

VP  -  Dual  task  with  varying  priorities 
(20  trials) 

EP  -  Dual  task  with  equal  priorities 
(20  trials) 

Transfer  to  letter  typing  with 
externally-paced  digit  classification 
(15  trials) 

Differential  dual  task  retraining 
(15  trials,  same  as  III) 

Transfer  to  a  changing  difficulty 
combination  with  fixed  performance 
levels  (5  replications  of  3  difficulty 
manipulations,  3  single  trials  on  each 
task) 


Table  6;  Average  RT  and  SD  (nsec)  for  letter  typing  at  the  end  of 


the  first  experimental  session. 


Letter  Typing 


Experimental  Group 
VP(N=6)  EP(N=6) 

X  1338  1320 

SD  302  249 


Differences  between  the  groups  were  small  and  insignificant,  reflect¬ 
ing  the  results  of  matching. 

Digit  classification;  Weighted  reaction  (WRT)  measures  on  the  last 
three  trials  of  digit  classification  in  the  first  experimental  session 
are  presented  in  Table  7.  A  different  set  of  4  digits  was  employed  in 
each  of  these  trials. 

Table  7;  Average  WRT  scores  and  SD  (msec)  of  digit  classification 
at  the  end  of  the  first  experimental  session 

Experimental  Group 
VP(N=6)  EP(N=6) 

X  759  776 

Digit  Classification 

SD  116  101 


Here  again,  the  similarity  between  groups  is  the  result  of  matching. 

Initial  Dual-Task  Performance 

At  the  beginning  of  tlie  second  experimental  session,  both  experi¬ 
mental  groups  performed  eight  dual-task  trials  without  feedback  indicators. 
Table  6  presents  the  results  of  these  trials. 
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Table  6;  Average  performance  of  letter  typing  and  digit  classifi~ 


cation  (msec) 

on  the 

first  eight  du&l- 

Experimental 

VP 

tas]|i  practice  trials 

Group 

EP 

- 

X 

2294 

2249 

Letter  Typing 

SD 

866 

660 

X 

1715 

1619 

Digit  Cleesification 

SD 

377 

308 

Aiffetences  betvreen  groups  in  letter  typing  performance  were  neg¬ 
ligible.  Differences  on  the  digit  classification  task  were  somewhat 
larger  in  favor  of  the  EP  group,  but  these  differences  did  not  reach 
statistical  significance  (t(5)  ^  .69).  I'-  can  therefore  be  concluded 

that  the  two  groups  did  not  differ  initially  xn  either  single  or  dual 
task  performance. 

Mote  that  the  differences  between  single  and  dual  task  performance 
in  both  groins  and  both  tasks  are  relatively  large. 

Priority  Manipulation  Effects 

As  in  the  first  experiment  the  effects  of  priorities  manipulation  on 
the  performance  of  both  tasks  in  the  VP  group  were  large 'and  significant. 

A  separate  analysis  of  variance  was  performed  for  the  data  of  the  third  and 
fifth  meetings  to  evaluate  the  effect  of  this  Able  F  values  for 
letters  in  session  IZZ  were:  F(4,20)  -  6.83  (P  <  0.01),  and  for  digits 
P(4,20)  ■  12.92  (P  <  0.001).  Zn  session  V:  for  letter  typing  performance 
P(4,20)  *  4.13  (P  <  0.025)  and  digit  classification  F(4,20)  >  11.30 


(P  <  0.001) . 


o 


) 


-  61  - 

The  effects  of  priority  changes  on  performamce  of  both  tasks  in  the 
two  experimental  sessions  are  depicted  in  Pig.  10.  In  spite  of  the  big 
improvement  in  average  performance  between  the  two  sessions,  the  pattern 
of  the  priority  effects  on  both  tasks  did  not  change  much.  Digit  classi- 

Insert  Figure  10  about  here 

fication  performance  increased  linearly  with  increased  priorities,  while 
letter  typing  performance  seemed  to  asymptote  at  the  equal  priorities 
level,  with  no  further  improvement  with  increased  priority.  Joint  per¬ 
formance  on  the  two  tasks  is  plotted  as  a  PCX  curve  in  Figure  11.  The 
convex  curves  reveal  the  asymmetric  effects  of  priority  changes  on  the  two 

Insert  Figure  11  about  here 

tasks.  While  digit  classification  in5>roved  when  resources  from  the  low 
priority  letter  task  were  released,  letter  typing  did  not  gain  from  re¬ 
leased  resources  from  decrementing  digit  performance  and  did  not  improve 
beyond  the  level  of  equal  priorities. 

Note  the  luge  differences  between  single  and  dual  task  digit  classi¬ 
fication  as  compared  to  the  more  moderate  differences  in  letter  typing. 

Effects  of  differential  training  under  time-sharing  conditions 

Figure  12  presents  average  performance  measures  of  letter  typing  and 
digit  classification  in  nine  successive  trials  in  which  both  experimental 
groups  performed  the  two  tasks  with  equal  priorities.  These  trials  were 
performed  at  the  second,  third  and  fifth  experimental  sessions. 

Insert  Figure  12  about  here 
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Performance  of  letter  typing  (RT)  and  Digit  classification 
(ITHT)  as  a  function  of  priority  levels,  on  session  V 
full  line)  and  session  III  (dotted  line)  (N-9) 
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It  can  be  seen  that  consistent  differences  in  response  time  for 
letters,  in  favor  of  the  VP  group,  emerged  in  the^third  experimental 
meeting.  The  differences  were  even  larger  on  the  fifth  session.  Digit 
classification  performance  did  not  reveal  such  differences. 

As  in  the  first  experiment,  the  results  of  matched  subjects  were 
treated  as  correlated  observation  and  group  effects  were  treated  as 
repeated  measures.  A  two-way  analysis  of  varizmce  (group  x  training) 
was  conducted.  On  both  tasks  only  training  effects  reached  statistical 
significance.  For  c^igits  F(8,4)  *  18.19  (P  <  0.001)  and  for  letters 
(F(8,4}  =  11.10)  (P  <  0.001).  Group  effects  were  not  significant.  For 

digits  F(l,5)  =  0.28  and  for  letters  F(l,5)  =  2.94. 

The  inconsistency  between  the  analysis  of  variance  results  and  the 
apparent  grov^)  differences  in  letter  typing  performance  as  plotted  in 
Figure  12  is  the  result  of  the  small  samples  and  the  large  intersubjects 
variability.  A  direct  comparison  of  the  matched  pairs  of  subjects  in  the 
two  experimental  groups  revealed  that  in  the  two  extreme  pairs,  those  who 
reached  the  highest  and  lowest  levels  of  performance  on  letter  typing, 
the  EP  subjects  were  same  or  better  than  the  VP  subjects,  while  in  all  mid¬ 
dle  four  pairs  with  average  performance,  the  VP  subjects  were  remarkably 
better.  Based  upon  this  comparison,  we  may  speculate  that  for  the  two 
extremes  (i.e.,  best  and  worst  performer),  the  priority  manipulation  was 
not  powerful  enough  to  counteract  inherent  performance  capabilities.  In 
the  four  middle  pairs,  however,  the  VP  group  was  better  trained.  It  should 
be  noted  that  a  within-pairs  comparison  of  the  group  effects  by  a  t  test 
yielded  significant  t  values  (t(5)  -  2.05;  P  0.05). 

A  similar  analysis  was  conducted  for  all  dual  task  trials  on  the 
third  and  fifth  sessions.  On  the  third  sessions  only  training  effects 


equal  priorities  trials  (N=12) 
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reached  statistical  significance,  for  letters  F(3,15)  «  17.99  (P  <  0.001) 
and  for  digits  F(3,15)  «  16.68  (P  <  0.001).  On  the  fifth  session  training 

•m 

effects  were  much  smaller,  and  reached  statistical  significance  only  for 
the  digit  task  (F(2,10)  »  5.84;  P  <  0.05).  Differences  between  the  VP 
and  EP  groups  in  letter  typing  perform^mce  were  again  below  the  level  of 
significance  (F(l,5)  =  2.84).  The  differences  between  groups  showed 
precisely  the  same  pattern  revealed  in  the  previous  analysis.  Again,  a 

I 

separate  analysis  by  a  t  test  yielded  significant  btetween-group  differen¬ 
ces  (^(5)  =  2.31;  P  <  0.05).  Single  task  trials  performed  in  each  of 
these  sessions  did  not  reveal  differences  between  the  groups  in  letter 
typing  or  digit  classification.  Single  task  results  are  summarized  in 
Table  9. 

Table  9;  Single  task  performance  of  letter  typing  and  digit 

classification  (msec)  in  experimental  sessions  III  and  V. 


Session 

III 

V 

Group 

VP 

EP 

VP 

EP 

Letter  Typing 

1152 

1026 

944 

917 

Digit  Classification 

658 

660 

604 

620 

In  summary,  dual  task 

training 

under  varieOile 

priorities  resulted  in 

better  performance  for  this 

1  group  in 

letter  typing 

,  and  the 

difference 

between  groups  increased  with  the  progress  of  training  Digit  classifi¬ 
cation  did  not  show  similar  effects  of  training 

Letter  typing  with  externally-paced  digit  classification 

On  the  fourth  experimental  session,  both  groups  were  transferred  to  a 
condition  in  which  letter  typing  was  performed  concurrently  with  an 


o 
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externally-paced  version  of  the  digit  classification  task.  Feedback 
Indicators  were  not  employed  in  this  session.  Figure  13  depicts  the 
differences  between  the  VP  and  EP  groups  under  this  condition,  which,  in 
the  first  experiment,  led  to  a  severe  impairment  of  performance  on  both 
tasks . 


Insert  Figure  13  about  here 

The  most  striking  result  in  Figure  13  is  the  consistent  advantage  of 
the  VP  group  in  the  performsmce  of  the  newly-introduced  externally-paced 
digit  classification  task. 

A  two-way  analysis  of  variance  (group  x  training)  was  conducted  to 
analyze  these  results.  For  letter  typing  only  the  training  effect  was 
significant  -  (F(4,20)  =  8.25;  P  <  0.001.  For  digit  classification, 
training  effect  was  again  significant  -  (F(4,40)  =  2.23;  P  <  0.05,  ^u^d  group 
differences  were  also  highly  significant  F(l,5)  =  19.04;  P  <  0.01. 
Differences  between  the  groups  in  single  task  performance  were  not  reliable 
on  either  task. 


Transfer  to  a  changing  difficulty  situation  with  fixed  p>erformance 
requirements :  In  the  sixth  experimental  meeting,  both  groups  were  trans¬ 

ferred  to  a  dual  task  performance  with  commensurate  difficulty  ch2uiges  on 
the  two  tasks.  Subjects  were  instiructed  to  protect  pjerformance  and 
inaint2d.n  a  constemt  level  under  all  conditions.  Feedback  indicators 
were  not  displayed.  Letter  typing  emd  digit  performance  under  these 
conditions  are  plotted  in  Figure  14a,  b. 


Insert  Figure  14a,  b  about  here 


LETTER. 


Perfomance  on  both  tasks  revealed  the  superiority  of  the  VP  over 
the  £P  group.  The  differences  between  groups  were  bigger  and  more 
consistent  on  the  letter  typing  task.  The  VP  group  was  also  to  be 
more  successful  in  protecting  performance  against  difficulty  changes. 

A  three-way  analysis  of  variance  (group  x  training  x  difficulty)  was 
conducted  to  test  the  significance  of  these  results.  For  letter  typing, 
both  training  and  difficulty  effects  were  significant  (F(4,20)  =  3.39; 

P  <  0.05,  F(2,10)  ■  17.36;  P  <  0.001,  respectively).  Group  effects 
reached  only  the  10  percent  level  of  significance  (F(l,5)  =  4.68; 

0.05  <  P  <  0.10).  In  a  separate  analysis  of  the  group  effect,  using  a 
t  test,  these  differences  were  significant  at  the  .02  level  {t{5)  =  3.42; 

P  <  0.02).  For  digit  classification  only  the  main  effects  of  task  diffi¬ 
culty  reached  statistical  significamce  -  F(2,10)  >=  5.14  (p  <  0.05).  The 
interaction  between  training  and  difficulty  was  also  significant  - 
F(8,40)  «  6.34  (P  <  0.001).  Single  task  performance  did  not  show  reliable 
difference  on  either  task. 

Task  interference  between  letter  typing  and  digit  classification, 
which  was  strong  during  the  whole  experiment ,  was  much  strengthened  when 
the  difficult  version  of  either  letter  typing  or  digit  classification  was 
used.  As  a  result,  the  effect  of  the  difficulty  variable  on  both  tasks 
was  not  monotonic  and  the  tasks  were  best  performed  in  the  medium  diffi¬ 
culty  coBtbination .  This  data  is  summarized  in  Table  10. 


Fig.  14a:  Dual  and  single  task  letter  typing  performance  on  difficulty  (D) ,  m-idium  (M) 
and  easy  (E)  sets  of  4  letters  (N=12). 


ask  digit  classi fication  on  three  sizes  of  digit  sets  (2,4,8)  s=12 
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Table  10:  Dual  task  response  times  (msec)  on  letter  typing  and 

digit  classification,  as  a  function  of  task  difficulty 

S' 


letter  typing 


digit  classification 


difficult 

medium 

easy 

1519 

1294 

1323 

1280 

1166 

1260 

easy 

medium 

difficult 

Cong>arison  of  letter  typing  performance  on  experiments  I  and  II 

Letter  typing  performance  with  tracking  (experiment  1)  was  compared 
to  letter  typing  with  digit  classification.  The  cooparison  was  conducted 
on  the  last  20  dual  task  trials  of  the  third  experimental  session  of  each 
experiment,  that  is,  at  a  point  where  subjects  had  a  similar  amount  of 
practice  in  this  task. 

Mean  response  time  to  letters  with  tracking  was  1120  msec  (SO  215  msec) 

Mean  response  time  to  letters  with  digit  classification  was  1644  msec 

(SD  407  msec) 

This  difference  was  highly  significant:  F(l,10)  >  14.34  (p  <  0.01). 

DISCOSSION 


Separate  Training  and  Initial  Dual  Task  Performance:  As  in  the  first 
ejqperiment,  subjects  in  the  two  experimental  groups  were  matched  based 
upon  their  single  task  performance  ability.  Initial  single  task  perform¬ 
ance  scores  of  the  two  groups  were  very  similar  on  both  tasks  and  indicated 
that  matching  was  successfully  accomplished  (Tables  6  and  7) .  Initial  dual 
task  performance  (Table  6)  showed  large/  performance  decrements  and  wide 
variability  on  both  tasks,  demonstrating  strong  mutual  interference 


between  the  tasks.  However,  these  decrements  affected  equally  both  groups 
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and  group  differences  remained  small  and  insignificant  in  dual  as  in  single 
task  performwce. 

Manipulation  of  Priorities;  As  in  the  first  experiment,  the  manipu¬ 
lation  of  task  priorities  in  the  VP  group  had  a  large  and  significant 
effect  on  the  performance  of  both  tasks.  In  the  present  experiment 
training  with  varying  priorities  was  conducted  both  in  the  third  and  fifth 
e]q>erimental  sessions.  We  can  therefore  evaluate  changes  in  the  effect 
of  this  manipulation  with  training.  The  POCs  for  the  two  sessions  plotted 
in  Figure  10  show  that  in  spite  of  the  marked  improvement  in  performance  on 
both  tasks,  the  shapes  of  the  PRF  and  POC  curves  remained  the  same  in  both 
sessions.  Digit  classification  performance  varied  almost  linearly  with  the 
change  of  priorities,  while  letter  typing  changed  very  little  beyond  the 
level  of  equal  priorities,  revealing  data  limitations  or  a  fast  reduction 
in  the  marginal  efficiency  of  resources  (Navon  and  Gopher  1979). 

It  is  interesting  to  note  that  the  range  of  the  priority  effects  on 
performance  is  larger  in  the  third  session.  In  a  first  thought,  this 
difference  ap|>ears  to  contradict  the  initial  expectation  that  trained 
subjects  will  be  better  able  to  cope  with  the  requirement  to  change  task 
emphasis,  which  may  constitute  a  task  by  itself.  However,  a  closer  exam¬ 
ination  of  these  curves  may  reveal  that  the  larger  remge  of  the  priorities 
effect  in  the  third  session  mainly  result  from  larger  decrements  of  performance 
at  the  low  priority  levels.  Subjects  in  the  third  session  tried  to  concur 
with  the  instructions  to  decrease  performance  and  release  resources,  but 
were  not  able  to  balance  their  performance  decrements  and  decreased  per¬ 
formance  more  than  required.  In  the  fifth  session,  actual  performance 
scores  in  the  low  priority  conditions  were  much  closer  to  the  demand 
levels  than  In  the  third  session.  In  addition,  the  effect  of  priorities 
on  letter  typing  was  somewhat  more  monotonous.  We  may  speculate  that 
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large  effects  or  priorities  do  not  necessarily  Indicate  better  coping 
ability.  It  is  possible  that  practice  Bay  improve  subjects'  ability  to 

i 

carry  out  accurately  priority  instructions  in  the  Icwer  region  more  than 
in  the  higher  region  of  performance. 

Letter  typing  and  digit  classification  in  the  present  experiment 
were  sho%m  to  compete  for  common  resources  (Figure  10).  However,  perform¬ 
ance  tradeoff  between  the  tasks  was  not  symmetrical.  While  digit  classi¬ 
fication  benefitted  from  resources  released  by  the  letter  typing  task, 
typing  could  not  inprove  beyond  the  level  of  equal  priorities.  The 
resulting  perfonaance  operating  characteristics  (POC  -  Figure  11)  gere 
highly  convexed  in  their  lefthand  part  and  were  almost  linear  on  their 
righthand  wing.  This  pattern  was  similar  in  both  sessions  III  and  V. 

Performance  decrements  from  single  to  dual  task  conditions  were  large 
on  both  tasks,  suggesting  the  existence  of  a  strong  factor  of  mutual 
interference  due  to  sources  which  are  not  resource  relevant,  but  belong  to 
concurrence  cost  (Navon  and  Gopher  1979)  or  structural  interference 
(Kahneman  1973).  This  issue  will  be  discussed  in  detail  in  the  general 
discussion. 

It  is  interesting  to  contrast  the  relatively  small  improvement  in 
single  task  performance  on  sessions  III  and  V,  to  the  large  improvement 
in  dual  task  performance  (Figure  10) .  It  is  evident  that  training  con¬ 
tributed  |)rimarily  to  the  isprovement  of  dual  task  coordination. 

Training  under  variable  priorities 

Training  under  variable  priorities  lad  to  better  performance  only  on 
the  letter  typing  task.  Classification  performance  improved  similarly 
in  the  EP  and  VP  groups.  Group  differences  in  letter  typing  performance 
increased  with  training  and  were  largest  at  the  end  of  practice  (Fig.  12). 
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Recalling  the  strong  and  monotonous  effects  of  priority  changes  on 
digit  performance!  it  is  somewhat  surprising  that  difference  between 
groups  were  revealed  only  in  letter  typing.  One  possible  interpretation 
for  these  findings  is  that  subjects  tended  subjectively  to  put  more  emphasis 
on  letter  typing  performemce.  Letter  typing  was  a  more  complex,  interest¬ 
ing  and  meaningful  task  for  the  subjects.  Hence,  resources  released  with 
training  as  a  result  of  in^roved  time-sharing  strategies  were  primarily 
invested  in  letter  typing  performance.  An  alternative  interpretation  is 
that  letter  typing,  which  appears  to  be  a  more  complex  task  both  at  the 
processing  side  and  on  the  response  selection  end,  may  enable  a  wider  and 
more  flexible  selection  of  allocation  policies  (Navon  and  Gopher  1979)  or 
response  strategies  such  that  performance  under  time-sharing  conditions  may 
be  better  optimized.  Choice  of  alternative  performance  strategies  may  be 
much  more  limited  for  digit  classification  performance. 

It  is  interesting  to  note  that  in  equal  priority  trials,  response 
times  for  letter  typing  and  digit  classification  were  much  closer  to  each 
other  in  the  VP  group  than  in  the  EP  group  (see  Figure  12) .  This  trend 
suggests  that  dual-task  performance  of  the  VP  group  was  more  balanced  and 
that  subjects  in  this  group  tended  to  employ  an  alternating  response  stra¬ 
tegy  (Damos  1977)  responding  first  to  one  task  then  to  the  other,  while  the 
EP  group  tended  to  adopt  a  massed  strategy  -  emitting  a  series  of  responses 
on  one  task  and  then  on  the  other  task. 

Letter  typing  with  externally-paced  digit  classification 

The  most  is^rtant  finding  in  the  transition  to  this  condition,  which 
in  the  first  experiment  caused  performance  on  both  tasks  to  collapse,  was 
the  consistent  and  significant  advantage  of  the  VP  group  over  the  EP  group 
in  performance  of  digit  classification.  The  differences  between  the  VP  and 


o 


> 


-  70  - 

EP  groups  In  letter  typing  that  were  so  apparent  at  the  end  of  the  third 
training  session  vanished  con^letely  (Figures  12,  13).  How  can  these 

t  ' 

results  be  accounted  for? 

t 

Recall  that  when  digit  classification  was  externally  paced,  a  digit 
was  presented  for  300  msec,  followed  by  1200  msec  interstimulus  interval. 

The  only  efficient  response  strategy  to  interweave  this  tas]c  with  the  self- 
paced  letter  typing  task  was  to  respond  to  the  digit  immediately  upon  its 
presentation  and  then  turn  to  attend  to  the  letter  task.  Any  other  res¬ 
ponse  strategy  would  lead  to  omissions  (misses)  of  digits  (except  for  a 
simultaneous  response  strategy  which  was  not  exhibited  by  any  of  the 
subjects  at  this  level  of  training).  Thus,  in  the  externally-paced  ver¬ 
sion,  the  digit  classification  task  can  be  considered  as  being  "primary" 
in  the  /sense  that  it  should  be  responded  to  first.  Development  of  such  a 
response  mode  required  a  change  from  the  strategy  developed  when  both  tasks 
were  self-paced. 

Successful  transfer  from  self-paced  to  externally-paced  digit  classi¬ 
fication  demanded  therefore  sufficient  flexibility  to  rapidly  adopt  a  dif¬ 
ferent  response  strategy,  and  again  the  VP  group  was  the  one  that  developed 
such  a  strategy  faster  and  more  efficiently.  This  outcome  is  important 
because  it  implies  that  the  superiority  of  the  VP  group,  that  during  training 
w^ls  revealed  only  in  typing  performance,  was  not  task  specific  but  could  be 
generalized  to  the  performance  of  the  other  task  when  it  became  more  demanding j 
Note,  that  the  performance  differences  between  the  VP  and  EP  groups  remained 
constant  throughout  the  15  trials  of  the  session,  indicating  that  group 
differences  «>ere  already  well  established  at  the  end  of  the  former  experimental 
session  and  were  persistent  enough  to  hold  during  the  two  hoiir  session. 

It  appears  that  initial  training  under  variable  priorities  and  self- 
paced  versions  of  both  tasks  prepared  subjects  better  for  coping  with  the 
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demand  to  coordinate  the  performance  of  a  self-paced  and  an  externally¬ 
paced  task,  a  requirement  which  was  hard  to  cope  with  in  the  first  experi¬ 
ment  when  the  combination  was  introduced  after  initial  training  of  letter 
typing  with  tracking. 

.  Transfer  to  a  changing  difficulty  situation  with  fixed  performance 
requirements 

The  last  session  of  the  second  experiment  replicated  the  fourth 
session  of  the  first  experiment.  Subjects  were  required  to  maintain  fixed 
performance  levels  in  view  of  commensurate  difficulty  manipulations  of  the 
concurrently  performed  tasks.  Differences  between  the  vp  and  EP  groups  in 
average  performance  levels  appeared  again  in  a  letter  typing  task,  although 
both  groups  were  equally  unsuccessful  in  protecting  performance  from  mani¬ 
pulation  of  task  difficulty  (Figure  14a>.  There  were  no  reliable  group 
differences  on  the  digit  classification  task  but  the  slopes  of  performance 
changes  as  a  result  of  difficulty  manipulation  in  the  VP  group  seem  to 
be  flatter  than  those  of  the  EP  group  (Figure  14b)  (although  the  inter¬ 
action  between  group  and  difficulty  effects  did  not  reach  statistical 
significance) .  It  appears  that  the  digit  classification  task  could  benefit 
more  from  resources  released  by  decreasing  performance  on  the  letter  typing 
task  than  -  vice  versa.  Such  a  conclusion  is  consistent  with  the  performance 
resource  functions  of  the  two  tasks  depicted  in  Figures  10  and  11.  We  have 
argued  in  a  previous  paper  (Gopher,  Brickner  and  Navon,  ir  press)  that 
letter  typing  performance  requires  at  least  a  motor-related  resource  and 
a  cognitive  resource  (or  resources).  Digit  classification,  on  the  other 
hand,  appears  to  rely  mainly  on  memory  resources.  .  We  can  speculate  that 
reduced  requirements  on  the  letter  typing  task  release  at  least  some  amount 
of  cognitive  resources  that  could  be  directly  applied  to  the  enhancement  of 
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digit  classification  performance,  while  improved  letter  typing  depended 
mainly  on  a  motor-related  resource,  which  was  not  released  by  reducing 
perfotmeuice  deinands  or  reducing  the  difficulty  of  digit  classification. 

The  strong  interference  between  the  two  taisks,  particulauriy  when  a 
difficult  version  of  either  of  then  was  presented,  caused  non-monotonous 
effects  of  difficulty  on  joint  performance  (Table  10).  As  a  result,  joint 
performance  at  the  medium-medium  task  ccanbination  was  better  than  the 
eaisy-dif ficult  and  difficult-easy  combinations.  Nevertheless,  the  effects 
In  the  present  ejqperiment  were  not  ns  strong  as  in  the  last  session  of  the 
first  experiment  emd  the  differences  can  probably  be  attributed  to  the 
better  practice  of  subjects  in  the  present  experiment. 


GENERAL  DISCUSSION 

Taken  together,  the  results  of  the  two  experiments  demonstrated  that 
training  under  variable  priority  conditions  may  lead  to  improved  perform¬ 
ance  capability  in  several  aspects  of  the  time-sharing  situation.  First, 
the  general  level  of  performance  achieved  by  the  vp  subjects  at  the  end  of 
training  was  better  them  the  level  reached  by  the  EP  or  NP  groups. 

Secondly,  subjects  trained  under  variable  priorities  were  better  able  to 
protect  performance  in  transfer  conditions  when  task  difficulty  was  varied. 
Finally,  these  subjects  revealed  better  ability  to  generalize  their  acquired 
skills  to  time-sharing  conditions  that  included  a  new  component.  The  above 
three  effects  were  not  revealed  unanimously  in  all  task  combinations  and 
on  every  experimental  condition,-  but  the  differential  effects  of  priority 
changes  as  a  training  variable  may  highlight  some  important  parameters  of 
the  tasks  involved,  the  nature  of  the  manipulation,  and  the  structure  of 
attentional  resources.  These  are  the  major  topics  of  interest  in  the 


present  discussion. 
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In  the  introduction  section,  a  number  of  possible  explanations  to 
the  effects  of  practice  on  dual-task  performance  were  discussed.  One 
explanation  was  that  concurrent  performance  is  enhanced  because  of  the 
reduced  resource  demands  for  the  performance  of  each  task  by  itself. 

Such  a  reduction  can  possibly  account  for  part  of  the  marked  improvement 
in  time-sharing  performance  observed  in  the  present  experiments  during 
practice.  However,  this  factor  would  equally  affect  all  experimental 
groups  and  cannot  account  for  the  differences  between  the  groups.  This 
argianent  is  strengthened  by  the  findings  that  the  differences  between 
groups  appe2ured  only  in  dual-task  performance  and  disappeared  ir)  all 
single  task  conditions. 

A  second  interpretation  of  the  effect  of  practice  on  dual-task  per¬ 
formance  is  that  performance  under  time-sharing  conditions  requires 
organization,  coordination  and  scheduling  of  tasks.  Coordination  consumes 
resources  primarily  at  the  early  stages  of  training  and  may  compete  with 
the  actual  performance  of  tasks.  Applying  this  argument  to  the  present 
experiments,  we  may  argue  that  coordination  of  performance  with  the 
additional  requirement  to  vary  task  emphasis  should  be  more  demanding  than 
performance  under  one  sinple  priority  condition.  Thus,  the  EP  and  NB 
groups  would  be  expected  to  be  better  than  the  VP  group  at  the  beginning  of 
trcu.ning  and  the  differences  should  gradually  diminish  with  training,  until 
equal  performance  levels  are  achieved  when  coordination  strategies  have  been 
developed  for  all  task  combinations.  At  that  stage,  the  coordination 
processes  would  not  impose  additional  demands  on  the  limited  pool.  This 
scenario  is  contraxry  to  the  results  of  the  present  experiments ,  where 
all  groups  wers  equal  at  the  beginning  of  dual-task  training, 
with  a  growing  difference  in  favor  of  the 
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VP  grou;^  as  training  proceeded. 

Effects  of  practice  and  reduced  demands  for  processing  resources  are 
frequently  linked  with  the  notion  of  task  automaticity  (Shiffrin  and 
Schneider  1977;  Schneider  and  Shiffrin  1977;  Logan  1978,  1979)*  \|4ien 
autonated^task  performance  does  not  require  attention  control,  and  responses 
are  believed  to  be  triggered  directly  by  the  stimulus  (Posner  and  Snyder 
1975;  Logam  1979,  1981).  Development  of  autcnaticity  is  argued  to  be 
facilitated  when  a  task  is  simple  and  practiced  under  consistent  condi¬ 
tions  (Shiffrin  and  Schneider  1977).  in  the  present  experiments  the  NB 
group  was  the  one  that  was  closest  to  the  siaqple  and  consistent  task 
definitions.  Although  even  this  task  wa$  remote  from  the  "consistent 
mapping"  concept  of  Shiffrin  and  Schneider  (1977)  because  stimulus  sets 
varied  from  trial  to  trial  on  both  letter  typing  and  digit  classification 
tasks.  Still,  it  is  clear  that  an  interpretation  which  emphasizes  the 
development  of  automatic  response  modes  is  inconsistent  with  the  finding  that 
the  group  which  experienced  the  most  variable  practice  conditions  (VP) 
achieved  the  highest  levels  of  performance. 

Integration  is  another  construct  employed  to  explain  iji5)roved  time¬ 
sharing  performance  with  practice.  This  concept  has  been  introduced  by 
those  who  argue  that  practice  causes  qualitative  changes  which  alter  the 
entire  nature  of  concurrent  performance  (Heisser  1976;  Hirst,  Spelke, 

Reaves,  Caherack  and  Neisser  1980).  Integrated  tasks  lose  their  separate, 
independent  identities  and  form  a  new  whole.  In  the  present  experiments 
the  use  of  variable  priorities  and  sepeurate  bargraphs  for  each  task  com¬ 
ponent  forced  subjects  to  maintain  the  identity  of  each  task  element 
rather  than  encouraging  Integration.  It  is  again  the  NB  group  which 
practiced  without  bargraphs  and  priority  changes  which  received-Klvftf^'f^orable 
conditions  for  the  development  of  task  integration  and  could  therefore  be 
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•sheeted  to  reach  higher  levels  of  performance, contrast  to  the  actual 
findings . 

Hirst  et  al  (1980)  had  their  subjects  practice  text  reading  with 
simultaneous  writing  of  dictated  list  of  words.  After  prolonged  period 
of  practice  subjects  succeeded  to  perform  the  two  tasks  together  at  the 
same  level  that  each  of  them  was  performed  separately.  Ingenious 
selection  of  reading  texts  and  comprehension  tests  enabled  these  investi¬ 
gators  to  reject  simple  between-tasks  alternation  strategies,  or  traditional 
notions  of  task  automation,  as  plausible  interpretations  of  their  results. 
Their  interpretation  emphasizes  changes  in  the  approach  of  subjects  to  the 
performance  of  tasks  which  enabled  theiO  to  detect  new  stimulus  constel¬ 
lations  and  execute  new  patterns  of  action.  They  argue  that  division  of 
attention  should  be  considered  as  a  skill  and  its  acquisition  studied 
accordingly.  This  view  is  closest  to  the  interpretation  of  improved  time¬ 
sharing  performance  in  terms  of  improved  voluntary  control  over  processing 
resources,  and  enables  to  propose  an  interpretation  framework  that  can 
account  nicely  for  the  results  of  the  two  experiments.  A  key  process  in 
this  explanation  is  the  development  of  the  "internal  model". 

Throughout  the  sessions  of  dual -task  practice,  each  subject  can  be 
construed  to  develop  seme  internal  representation  of  the  impact  of  his 
efforts  on  joint  performance.  In  terms  of  the  "Economy  of  the  Human 
Processing  System"  (Navon  and  Gopher  1979)  he  is  assumed  to  develop  a 
performance  operating  characteristic  (PCX) .  From  this  POC  he  can  extract 
the  performance  resource  function  of  each  task.  When  subjects  are 
exposed  to  dual-task  performance  with  one  priorities  combination  only,  they 
become  familiar  with  just  one  single  point  on  the  POC  and  can  infer  only  a 
single  point  on  each  PRF.  It  is  possible,  of  course,  that  subjects  in  the 
EP  and  NB  groups  spontaneously  explored  more  than  one  task  combination. 


However,  they  could  hardly  be  expected  to  be  able  to  develop  a  coherent 
concept  of  their  performance-resource  relations.  In  contrast , -the  VP 
group  experienced  five  different  combinations  of  task  priorities,  with 
on-line  feedback  on  performance.  This  experience  provided  subjects  with 
a  rich  data-base  to  establish  effective  internal  model  of  the  returns 
of  their  resource  investments. 

When  transferred  to  a  changing  difficulty  situation  which  required 
sv±)jects  to  maintain  fixed  performance  levels,  the  established  internal 
siodel  of  the  variable  priority  group  siay  have  enabled  subj^ts  in  this  group  to 

examine  several  alternative  allocation  policies  and  select  the  most 

s 

efficient  policy  in  order  to  optimize  performance.  The  EP  and  HB  groups 
could  not  rely  on  such  a  model  when  developing  their  own  coping  strategy. 

The  efficiency  of  a  well-established  internal  model  was  further 
demonstrated  on  some  of  the  transfer  sessions  to  new  task  combinations. 

In  the  first  experiment  the  VP  group  was  superior  to  the  EP  and  MB  groups 
in  the  performance  of  a  familiar  tracking  task  when  it  was  combined  with  a 
newly  introduced  digit  classification  task.  No  differences  between  the 
groups  were  observed  on  digit  classification  perform2mce,  a  task  for  which 
none  of  the  groiips  had  the  opportunity  to  develop  an  internal  represen¬ 
tation  In  the  second  experiment  the  VP  group  was  better  than  the  EP 
group  on  transfer  from  a  self-paced  to  an  externally-paced  version  of  the 
digit  classification  task.  It  seems  that  in  both  experiments  the  greater 
acquaintance  of  the  VP  group  with  alternative  performance-resource  combi¬ 
nations  enabled  subjects  to  be  more  flexible  in  adapting  to  new  task  com¬ 
binations.  The  benefit  could  be  direct,  that  is,  by  selecting  one  of 
several  performance  strategies  from  those  experienced  previously.  Or,  it 
could  lead  to  indirect  advantage  by  teaching  subjects  to  rapidly  eiqilore 
alternative  isodes  before  committing  themselves  to  a  single  response  strategy. 
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An  in^roved  ability  to  aupervise  efficient  resource  allocation  is  one  possi- 

^  • 

Me  advantage  of  a  good  internal  representation  but  there  may  be  more. 

..  0 

Internal  models  may  not  only  serve  the  purpose  of  monitoring  resource 
allocation  to  assure  compliance  to  changes  in  task  priorities,  but  also 
provide  information  on  optimal  use  of  resource  combinations.  It  is 
possible  that  during  the  process  of  training  and  development  of  an 
internal  model,  subjects  of  the  VP  group  may  have  discovered  some  per¬ 
formance  combinations  which  were  more  efficient  than  those  spontaneously 
adopted  by  the  EP  and  MB  groups.  Such  a  possibility  is  especially  vizJsle 
under  a  multiple  resource  view  of  the  human  processing  system  (Gopher  and 
Mavon  1979;  Mickens  1980).  Within  this  conceptual  framework  the  inter¬ 
action  between  tasks  and  the  internal  model  may  become  much  more  complex 
and  diverse.  Time-sharing  tasks  can  overlap  in  various  degrees  in  their 
demands  for  common  resources.  Thus,  instead  of  dealing  with  the  alloca¬ 
tion  policy  of  a  single  pool  of  resources,  it  may  be  necessary  to  coi.ibine 
different  shares  from  several  possible  resources.  Furthermore,  Mavon  and 
Gopher  (1979)  suggest  that  alternative  strategies  can  be  developed  for  the 
performance  of  the  swe  tasks.  Hence,  subjects  can  employ  several 
alternative  resource  combinations  for  the  performance  of  the  same  task. 

To  continue  this  line  of  thinking,  with  appropriate  training  subjects  may 
be  able  to  minimize  the  overlap. in  the  resource  demands  of  the  jointly 
performed  tasks,  in  order  to  reduce  the  competition  between  them.  In  that 
case,  the  differences  between  performance  which  is  based  on  a  suboptimal 
allocation  policy  and  performance  based  upon  optimal  allocation  may  be  very 
large.  The  results  of  both  our  experiments  strongly  support  this  conjecture. 

Although  the  overall  pattern  of  differences  between  experimental  groups 


was  similar  in  both  experiments,  there  were  some  differences  which,  we 
believe,  stem  from  iiig>ortant  differences  in  the  nature  of  the  two  task 


ccnft>lnatlons.  In  the  first  ejqperiment  a  continuous  task  (tracking)  was 
concurrently  performed  with  a  self-paced  discrete  reaction  time  task 
(letter  typing) .  In  addition,  the  competition  between  tasks  concentrated 
on  motor-related  resources  (Gopher,  BricJcher  and  Navon,  in  press).  On 
this  task  ccmdsination,  training  under  variable  priorities  had  strong 
effects  on  both  tasks  apd  all  experimental  conditions .  The  VP  group 
reached  superior  performance  levels  during  training,  was  more  capable  in 
protecting  performance  from  difficulty  changes  and  did  better  on  the 
trac)iing  task  tAen  simultaneously  performed  with  a  newly-introduced  digit 
classification  task.  The  pairing  of  typing  with  externally-paced  digit 
classification  at  the  end  of  this  experiment  was  the  first  indication  that 
this  configuration  may  be  different.  When  these  tasks  were  systematically 
explored  in  ejqperiment  2,  the  differences  between  groups  were  somewhat 
smaller  and  less  consistent.  The  VP  group  achieved  superior  performance 
levels  during  practice  but  only  on  the  letter  typing  task.  In  transfer  to 
a  changing  difficulty  manipulation  the  VP  group  obtained  better  performance 
scores  only  on  letter  typing  task  and  did  not  differ  from  the  EP  group  in 
its  ability  to  protect  performance.  When  transferred  to  the  condition  of 
typing  with  externally-paced  digit  classification,  the  VP  group  was  super¬ 
ior  to  the  EP  group  but  only  in  the  performance  of  the  newly  introduced 
digit  task. 

How  can  these  differences  be  interpreted?  In  contra^  with  the  first 
e]q>erlment,  time-sharing  conditions  in  the  second  experiment  brought  to¬ 
gether  two  discrete  tasks  which  seem  to  cong>ete  primarily  for  cognitive  and 
memory  resources.  One  reason  for  the  differences  between  the  two  experi¬ 
ments  Buiy  be  related  to  the  large  mutual  interference  between  typing  and 
digit  classification  which  did  not  seem  to  stem  from  shortage  of  resources. 
Ihe  notion  of  capacity  interference  or  resource  competition  is  reserved  to 
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•carcity  of  processing  facilities  that  can  be  shjured  in  various  propor¬ 
tions  among  concurrently  performed  tasks  (Navon  and  Gopher  1979;  Gopher 
and  Navon  1980).  In  contrast,  structural  interference  (Kahneman  1973)  or 
concurrence  cost  factors  (Navon  and  Gopher  1979;  Gopher  and  Navon  1960) 
represent  an  all-or-none  type  of  interference  caused  by  factors  related 
to  Incon^atablllty  between  outputs,  throughputs  or  preconditions  of  time¬ 
sharing  tasks. 

In  the  first  experiment  mutual  interference  between  tracking  and 
letter  typing  due  to  concurrente  costs  wzts  minimal  and  decrements  appeared 
to  l)e  mainly  resource-relevant.  A  comparison  of  joint  performance  on  the 
two  tasks  with  their  single  task  levels  (see  Figures  3  and  4)  shows  that 
single  task  performance  was  better  than  dual-task  perform^mce  on  both  tasks 
only  in  an  amount  that  can  be  predicted  quite  accurately  by  considering 
single  task  performance  to  represent  a  priority  level  of  1  tmd  extrapo¬ 
lating  its  levels  from  the  priority  performance  functions  (Figure  3)  or  the 
POC  curve  (Figure  4).  In  the  second  experiment,  in  addition  to  the 
evidence  for  tasks  competition  for  common  resources,  a  strong  interference 
factor  was  revealed  which  created  a  marked  discontinuity  between  single  and 
dual  task  conditions, (see  Figures  9  and  10),  indicating  a  source  which  is 
not  resource-related. 

This  factor  may  account  for  sane  of  the  differences  in  the  effects  of 
ei^erimental  amnipulation  in  the  two  eigperiments.  The  variable  priority 
manipulation  is  anticipated  to  affect  performance  through  improving 
resource  allocation  policy.  Therefore,  it  is  predicted  to  affect  perform¬ 
ance  only  within  a  resource  sensitive  region.  When  a  large  portion  of 
performance  variability  is  due  to  irrelevant  factors  that  increase  con¬ 
currence  costs,  the  contribution  of  priorities  manipulation  may  Ise  masked 


or  reduced. 
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Another  interpretation  for  the  difference  between  the  two  experi- 
■ents  nay  be  related  to  the  relative  difficulty  of  the  concurrent  tasks  emd 
to  the  functional  relationship  between  task  emphasis  and  performance.  It 
has  been  shown  (Gopher  and  Mavon  1960)  that  the  relative  contribution  of  a 
priority  manipulation  to  total  performance  variability  is  smaller  in  a 
difficult  than  in  an  easy  task  combination.  In  the  present  study  the 
combination  of  tasks  in  the  second  experiment  was  probably  on  the  average 
nore  difficult  than  that  of  the  first  experiment,  as  hinted  from  the  bet¬ 
ter  letter  typing  performemce  of  subjects  in  the  first  esqperiment.  Never¬ 
theless,  contrary  to  the  above  suggestion,  priorities  had  large  effect  on 
performance  in  both  e^eriments. 

A  close  examination  of  the  priority  performance  functions  (Figures  3 
and  10)  reveals  some  differences  between  the  two  experiments.  On  the  first 
experiment  the  effect  of  priorities  on  performance  of  both  tasks  was  nearly 
linear  (except  for  some  non-linearity  at  the  highest  priority  level  of  the 
letter  typing  task  (Figure  3)).  In  the  second  ejg>eriment  a  clear  effect 
of  reduced  marginal  efficiency  of  resource  investment  was  revealed  in 
letter  typing  and  its  performance  did  not  in^jrove  beyond  the  level  of  equal 
priorities  (Figure  10) .  if  we  accept  the  empirical  priority-performance 
functions  as  an  approximation  to  the  true  performance-resource  functions 
(PRF) ,  we  may  ^irst  conclude  that  the  PRFs  of  the  second  experiment  were 
more  ccsplex  than  those  of  the  first  experiment.  It  was  therefore  more 
difficult  to  find  an  optimal  allocation  policy  for  each  task  combination. 
Rephrasing  this  argument  in  different  words,  the  internal  model  developed 
during  the  first  experiment  could  be  simpler  and  more  effective  than  the 
one  developed  in  the  second  experiawnt. 
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A  third  rsaaon  for  the  reduced  efficiency  of  the  variable  priority 
nahipulation  in  the  second  experiment  may  be  the  constrained  range  of 
available  strategies  for  joint  performance  of  two  discrete  tasks.  Damos 
(1977,  1980  note  2)  observed  three  response  strategies  in  the  joint  per¬ 
formance  of  discrete  tasks:  a  parallel  response  strategy  (the  si^bject 
presses  a  response  key  an  both  tasks  simultaneously) ,  an  alternating 
strategy  (the  subject  responds  first  to  one  task  then  to  the  other)  and 
a  massed  strategy  (the  subject  emits  a  series  of  responses  to  one  task 
before  switching  to  the  other) .  In  the  present  experiment  none  of  the 
subjects  adopted  a  parallel  response  strategy:  either  the  tasks  were  too 
difficult  and  their  mutual  interference  too  severe  to  allow  such  strategy, 
or  training  was  not  sufficient.  An  alternating  strategy  is  potentially 
more  efficient  than  a  massed  strategy,  because  it  enables  some  time  over¬ 
lap  between  the  tasks  to  occur.  Massed  strategy  is  in  essence  not  a  time¬ 
sharing  strategy  because  the  two  tasks  are  performed  singly,  one  at  a  time. 


An  alternating  strategy  tends  to  favor  performance  under  equal  prio¬ 
rities  conditions  because  the  number  of  responses  on  both  tasks  is  about 
equal  and  simple  alternation  strategy  can  be  developed.  When  unequal 
priorities  are  required  the  operator  may  react  in  one  of  two  ways:  first, 
he  may  pay  more  attention  to  one  task  at  the  expense  of  the  other,  thus 
performing  the  first  task  more  accurately  than  the  second  task.  Secondly, 
he  may  respond  more  often  to  one  task  than  to  the  other,  e.g.,  performing 
two  letter  typing  reactions  for  each  digit  classification  reaction.  A 
fine-grained  analysis  of  response  strategies  in  experiment  II  is  beyond  the 
scope  of  this  work.  But,  it  may  be  speculated  that  changing  the  relative 
accuracy  on  each  task  may  be  a  difficult  requirement. 

;^daptlng  the  prc^rtlon  of  responses  on  each  task  to  its  relative  priority 
may  turn  an  alternating  strategy  into  a  kind  of  massed  strategy,  and  lead  to 
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eq\ially  inefficient  perf omance .  Thus,  efficient  utilization  of  variable 
amounts  of  resources  may  require  a  more  complex  skill  of  optimizing  task 
overlap  with  rhythmic  alternations  (Keele,  in  press) . 

The  concurrent  performance  of  a  continuous  and  .4. discrete  task  is  less 
dependent  on  rhythm  and  timing.  The  tasks  can  more  easily  be  performed 
simultaneously  and  the  ch£mge  of  e]i^>hasis  on  one  task  affects  the  other 
task  only  to  the  extent  that  common  resources  are  involved,  with  practically 
siinimal  structural  interference.  It  seems  that  a  variable  priority  training 
program  may  not  be  as  optimal  for  the  concurrent  performance  of  discrete 
tasks.  It  is  possible,  fon  exanple,  that  if  subjects  were  trained  to  adopt 
a  simultaneous  strategy,  their  overall  performance  could  benefit  more  than 
from  the  present  variable  priority  schedule  (Damos  1980  note  2) .  In  spite  of 
the  above  conments,  the  power  of  the  priority  manipulation  even  in  the  second 
experiment  cannot  be  overlooked. 

The  results  of  the  two  e3q)eriments  demonstrate  very  clearly  that  human 
operators  can  actively  control  their  resource  allocation  but  apparently  have 
only  limited  e3q)erience,  knowledge  or  skill  to  assure  the  efficiency  and 
optimality  of  their  allocation.  In  the  absence  of  relevant  information  and 
systematic  instructions,  spontaneous  strategies  may  lead  to  suboptimal 
solutions.  Furthermore,  time-sharing  performance  appears  to  be  quite  rigid 
and  lacks  the  flexibility  to  respond  efficiently  to  fluctuations  in  the 
requirements  of  the  situation.  These  skills  can  be  considerably  in^roved 
%fhen  augmented  by  appropriate  training  procedures. 

The  present  research  examined  the  effects  of  one  particular  training 
procedure  on  perfomiance.  However,  as  stated  by  Hirst  et  al  (1980)  the 
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Investigation  of  time-sharing  shills  has  hardly  begun.  This  research 
is  a  small  step  in  a  long  journey.  Many  issues  remain  unanswered  and 
deserve  continued  research.  One  obvious  question  that  stems  from  the 
present  research  is  the  persistence  of  these  differences  with  prolonged 
training.  It  is  clear  that  the  10-12  hours  of  practice  were  not  sufficient 
to  reach  performance  asymptotes,  particularly  on  the  second  experiment. 
Would  additional  practice  further  strengthen  the  differences  between  the 
experimental  groups?  Would  differences  remain  constant?  Or,  perhaps, 
diminish  gradually  and  disappear?  The  outcomes  of  the  present  experi¬ 
ments  suggest  that  the  differences  may  be  long-lasting  or  even  grow 
further.  These  questions  have  both  theoretical  and  practical  signif iceince . 

Another  important  issue  is  the  generality  of  the  time-sharing  skills 
acquired  through  priorities  m^ulipulations .  What  would  be  the  generaliza¬ 
tion  of  training  from  one  task  combination  to  different  types  of  dual-task 
combinations?  We  showed  that  this  training  technique  had  stronger  impact 
on  a  combination  of  a  continuous  task  with  a  self-paced  discrete  task, 

«diich  competes  mainly  for  motor  resources,  than  on  concurrent  performance 
of  two  discrete  self-paced  tasks,  competing  for  cognitive  resources. 

In  general,  pxjsitive  transfer  of  training  is  expected  whenever  the 
internal  model  acquired  during  practice,  or  part  of  it,  is  relevant  to  the 
tremsfer  situation.  The  question  remains,  of  course,  what  are  the  rules 
that  determine  this  relevance?  How  •  they  related  nature  of 

each  separate  task  on  the  one  hand  and  to  joint  performance  and  inter¬ 
weaving  of  concurrent  tasks  on  the  other  hand?  The  present  results  give 
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us  only  preliminary  clues  to  px>ssible  answers  to  these  questions. 
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APPENDIX  A 


Sets  of  letters  for  the  letter  typing  task:- 


4  Easy  Letters 


English  phonetic 

equivalent  ALEF  YUD 


Hebrew  letter 

Strokes 

Letter  shape  A 
code  B 


M 


3 

_*J 

1 

T 

KAF  PE 


ED 


X- 

4  Medium  Difficult  Letters 


English  phonetic 
equivalent 

Hebrew  letter 

Strokes 

Letter  shape  A 

code  B 


DALET  MEM  AIEN  REISH 


T  A  _U  “1 


-X- 

■V 

k 

\ 

✓ 

-X 

71 

X 

A- 

-k 

K- 

n 

1  y 

4  Difficult  Letters 


English  phonetic 
equivalent 

Hebrew  letter 

Strokes 

Letter  shape  A 

code  B 


BET 


n 


gimel  koof  taf 


EPF 


-*■■*4  '  !*■  “i 

►  -  -X 

_ 

A 

The  three  mixed  letter  shets  were: 


(a) 

BET 

YUD 

MEM 

RESH 

(b) 

KAF 

AIEN 

PE 

KUF 

CO 

A1£F 

GIMEL 

OAIETH 

TAF 

